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Decision making is part of mst human activities, including the 
design, cperation, 

Decision making arises whenever people rrmst choose between 

alternative cxxuses of action. It includes both global decisions, 

such as choosing a station's basic configuration, and local 

decisions, su& choosing the best way to overame a minor problem in 

mrmitor iq  of space station missions. 

and difficult when the choice is non-trivial, either because decision 

makers are unsure what cutcaaes the different curses of action will 

bring or because they are msum what they want  (e.g., what 

tradeoff to nrake between COBt and reliability). 

. 
MU& of science and engineer- is devoted to facilitatiq a 

decision making, pcxssible wen eliminating the need for it. A 

sign of good engineerirq management is that there be no uncertainty 

abut  the objectives of a project. A sign of attvanced science is 

that 

chooee actions whoee attcanes are certam ' to achieve the chosen 

objectives. where the science is less adwmced, the hope is to 

are pmven soluti~ to many prpbl-, shcrwing had to 

rart inize at least part of the decisianlMking process. For -le, 

the techniques of cust-benefit analysis may make it possible to 

predict the ecancrm 'c 

confidence, even if those techniques cannut predict the mission's 

risks to lives and pzuperty or shuw huw those risks should be weighed 

against its ecmcau 'c costs and benefits (Bentkcnrer et d., 1985; 

of a proposed mission with great 
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Fischhoff et al. , 1981) 
autamatlan of a t  least those decisim 

human operators dan be trusted to pruvide accurate initial 

arxlitions. 

extensive -1led decision making for problem involvixJ 

O r ,  current engineering lmrwledge may allcw 

electronic s ~ s o r s  or 

fndeed, space travel wmld be inpossible w i t h o u t  

great ccprpxrtatioml caplexity or time pressure (e.g., during 

launch). 

AII u v e r r w  goal of space science (and other amlied sciences) 

is to expand both the lfange of problems havixJ knmn solutians and 

the tedumlogical capability for deriving and activating those 

solutions w i t h a l t  humn intenrerrt ion. 

by caryurrent efforts in  other fields. 

science (broadly defined) , whose practitionem are atten@- to 

In  this plrsuit, it is aided 

them is cognitive 

. 
diversify the kinds of problears that  can be repesented and solved by 

-nPut=. 

Y e t ,  huever far these develqmeIlts progress, - w i l l  always 

be sare decisions that are left entirely to hnmvln jlulamrm+ and sare 

e l m  of juignmt in even the most aukmated decisions. 

-le, them is rn fo&a for unambiguously deteminhq which 

basic design configuration w i l l  prwe best in  all anticipated 

For 

C- (much less unanticipated ones). Analogausly, there is 

no proven way to select the best personnel for all possible tasks. 

When problems arise, dur- either planning or operation, judgarent is 

typically needed to recajnize that m t h i n g  is wmq and to  diagnose 

whatthatsamething is. whenalarrmsgooff, judgmentisneededto 
451 



decide 

no alarms go off, supervisory judgnmt is needed to decide whether 

things are, in fact, all right. Hnklwer tho- training may be, 

mch operatorrmust continually womy about whether others have 

to trust them or the system that they mistrust o w h e n  

understood their (possibly ambiguaus) situations correctly, and 

folluwed the apprapriate instructions. when solutions are 

prograrmned, aperators must worxier how good the p- is. 

people) will perfom in ryNel c- Al--w==s 

can be aided and disciplined by scientific theories and engineering 

mnrlnts, thereisalwayssarreelemfxItof judgmtinchoosirrgand 

aaapting those -s, 

when 

solutions are created, erg- must guess at how materials (and 

' the uncertainty due to gaps in the 

urderlyirrg science. Any chaqe in one part of a system creates 

uncertainties mgardhq its effects on other system mqomnts. 

all of these cases, 

it is the jlldgmnt of highly trained and mativated individuals 

In 

-ledge ends, judgmt begins, -if 
a 

(Fischhoff, 1987; ~ r m i c k ,  1981; PerraJ, 1984). 

UnderstandinghaJgoOdthese j- are is - ' t o  

haJnarch cunfidence to place in them ivd in the that 

aeperylonthem. 

essential to imprwins them, whether thmugh training or j- 

aids. suchunlterstardvrg ' is the goal of a loosely baundsd 

interdisciplinary field )mrwn as behavioral decision theory. The 

' how those judgmnts are prcduced is 

%ehavioraltl is meant to &st iqu& ' it fraa the study of decision 

 innr rain stream American eammu 'cs, whidl rests on the 

metavleoretical assuption that people dlways optimize when they make 
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decisions, in the sense of identify- the best possible course of 

action. Althm#~ plausible in ci..mnnstances and essential for 

the invocation of econcmicsl sophisticated mathematical tools, the 

assuqtion of -0ptimizatian severely constrains the kcnds of behavior 

that can be observed. It also leaves econcmics with the limited (if 

difficult) goal of d i s e r m q  ' what desires people have mu=ceeded in 

optimizing in their decisions. Behavioral decision theory is 

cancerned with the carditions conducive to op t imiz iq ,  the kinds of 

behavior that coo11~! in its stead, and the steps that can be takento 

hpruve peuplels performance (F-ff et al., 1981; Kahneman et 

al., 1981; National Research Cauncil, 1986; Sdmemhr, 1983; von 

W i r r t e r f e l d t  and -, 1986). 

Research in this tradition draws on a variety of fields, 
0 

i n c l u d i q  psychology, operaticols research, managenmt science, 

philoso@~y, political science, and (sane) ecomnics. AS it has 

relatively little institutional structure, it might be best thmght 

of as the crmjunctian of investigatom with several shamd 

assumptions. 

lawwledge, believbq that they are mutually beneficial. A seoon3 is 

the willingness to take results f m  any field, if they seem useful. 

A third is hterest h us- the latest technology to advance and 

exploit the research. lhese are also the assumptions underlying this 

one is the CQllCurrent prsuit of basic and applied 

chapter, which attempts to identify the most p d s i n g  and important 

research directions for aiding space station develapwnt. muse of 

the spce stationls role as a pioneer of altvanced technology, such 
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resear&, like the station itself, a d  have inplications for a w i d e  

range of other applications. 

 he -iG of in  behavioral decision thsory h ~ e  sho~n 

amucture of stmqths and in people's attempts to make 

decisions in cc~l lp lex  and uncertain environments . 
psyrholcgical processes pose constraints on the decision-- tasks 

thatcanbeimposedonpeopleand,~,onthequdlityofthe 

These intuitive 

Ferfonnance that can be expcted fran them. 'Ihese pmcesses also 

offer opportunities for decision aiding, by suggesting the kinds of 

help that pecple need and can accept. 

a brief m i e w  of this literature and poirrtS of access to it, 

ccrczched in quite general terms. Ihe next section considers sane of 

the special features of decision-makirrg in  space station design and 

aperation. Ihe following three sections discuss the intellectual 

?he following section pruvides 

. a 
skills de!mxtu by those features and the kinds of research and 

develapnent needed t o  design and augment them. These pmpr t ies  are 

the needs: (a) to create an -licit Imrlnl of the space station's 

operation, t o  be shared by those involved w i t h  it, as a basis for 

COordliMthq their distrihted decision making, (b) to deal w i t h  

imperfect system, capable of mqpndmg ' in unpdchble ways, and 

(c) to mmge novel situations. A concludbq section discusses 

institutional issues in managing (and exploiting) such reseamh, 

related efforts (or needs) in other damins, ard the phil-y of 

science underlying this andlysis. 
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mt prescriptive scbms for deliberative decision making (Behn 

and v a w ,  1982; Raiffa, 1968; van w i n t e r f d d t  and ~txwards, 1986) , 
shawirrg hcrw it should be drme, cdll for performing SCXIE- like the 

fOl l&* four steps: 

a. Identify all possible courses of action (includirq, perfiaps, 

h c t i o n )  . 

b. Evaluate the attractiveness (or aversiveness) of the 

cansequ~ces that might arise if each CQULSB of action is 

adopted. 

c. Assess the likelihood of each oaalrrw (shull.. 

each action be taken). 

d. Integrate a l l  these consideratims, us- a defensible (Le . ,  

rational) decision rule to select the best (i.e., optimal) 

action. 

From this parspective, decisions are evaluated to how 

well they take advantage of what was )awwn at the tim that they - 
made, vis-auis achieving the decision maker's objectives. are 

not evaluated acoording to the desirability of the c m s q m ~ ~  that 

followed. s c m ~  decisions involve only undesirable cptions, while the 
455 
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l=mmdig uther decisions lmans that bad things w i l l  

happen t o  sane good choices. 

folla;irrJ is a partid list of decisions that might arise in  

the cause of designiq and operat- a space station. Each offers a 

set of action alternatives. Each involves a set of cansequences 

whose relative importance must be weighed. Each is surrrxtnded by 

various uncdxmt ' ies whose resolution &d facilitate identify- 

the optimal cause of action: 

Decidixq whether to override an autcmated system (or deciding 

what its current state actually is, given a set of indicators); 

Deciairrg where to look for sane vital  information in  a 

database: 

Deciding whether to pmceed w i t h  an extravehicular aperation when 

sam mitical, h t  desirable safety function is inoperative; 

Decidiq whether to replace a crew 

medical problem (either 

niles or 

having a transient 

foxmulaw general operational 

mlyiruj them at the time of a launch) ; 

Decidiq where to p t  critical pieces of @pent; 
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WidirVJ haw to prioritize the projects of different clients, 

midingwhere to look first for the soumes of apparent 

prablems; 

miding 

orbit ; 

the flight crew is up to an additional period i n  

mi- at to do next i n  a novel manipulation task; 

Deci- on the range of possible values for a parameter needed . 
by a risk analysis of system reliability; 

Deciding just how mDlch safetywill be increases by a design 
change, relyirrg on a risk analp is  to project its sy&m-wi& 

ramifications; 

Deciding what to report to CUtsiaerS (e.g., jcrurnalists, 

politicians, puviaerS of commercial payloads) about -lex 

technical situations that they are ill-pmpamd to understand. 

RLesedecisionsvaryinmanyways: whoislnakirgthem,howrmrch 

0 time is available to make them, what possibilities there are for 
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recenrerirrsfrpa- , h a w g Z m t a r e t h e ~ O f s u c c e s s  

an3 failure, what ccpnlxrtational algorithms exist  for decidiq -t to 

do, haw buunded is the set  of alternative actions, an3 where do the 

greatest unce;tainties lie, in muting the iqortance of the 

or in evaluathq the possibilities for achievirq them. 

What these decisions have in  c~rmyln is that sane element of unaided 

human judgment is needed before an action is consummated, even i f  it 

is only the decision to allow an autanated process to cmtinue 

urrmolested. Jbdgumt is needed, in part, because there is SQne 

element of uniqlmess in each decision, so that it cannot be resolved 

simply by the identificatia of a pmc&wal rule (or set of rules) 

that has pmvm itself superior i n  past applications. Rre search for 

rules might be cansidered an exercise in prablenl solving. By 

arrtmst, decision making involves the intellectual integration of 

diverse cansiderations, amlying a general prpose integrative nile 

in- t o  deal w i t h  novel situations and "get  it right the f i r s t  

t.." 

uncertain facts (wise, 1986) , so that one cannot be assured of the 

outmne (an3 of a c h  choice is superior), and of conflicting 

-, so that no choice is superior i n  a l l  respects (an3 same 

0 

11- w1 cases, decisian makbq is canplicated by 

tradeoffs IIUst be made)? 

As m n t k m d ,  the hape of behavioral decision theory is to  

discern basic psychological pmceses likely to recur wherever a 

particular kind of judgment is required. olhe hopes, for -le, 
that people use their minds i n  saarewfiat similar ways wfien d e t m u u q  0 .  

the probability that  they knw where a piece of informtian is 
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located in a d a w  and when determining the pmbability that they 

can tell when a ancanalow meter reading represents a false alarm. 

so, then similar.trea.tments might facilitate performance in both 

settings 

If 

(Fischhoff ad MacGmgor, 1986; W y  and W i n k l e r ,  

1984). 

The need to make decisions in the face of incaplete lawwledge is 

part of the hunan ccodition. It becames a human factors pmblem (the 

tapic of this volume) either when the decisions involve the design 

ad operation of xtadnes (broadly defined) or 

intended to aid decisions. 

machines are 

Decisions about machines might be aided 

by wllezt- historical data t h e i r p e r f O m a n c e , b y h a V i n g  
' 

them pmvide diagnostic information about their current 

trusw- , by pmviding operators with training in how to 

e!valuate tmstworthimss (and how to connrert those muations in& 

action) , and by shckling how to apply general organizational 
philosophies (e.g., safety first) to specific operat- situations. 

Decision aiding by machines might be imprmred by enhancing the 

display of information that operatom understand mst poorly, by 

formatting these displays in ways ampatible with users' natural ways 

of -, by clarify- the ratime for the machinels 

remmmdatims (e.g., its assumd tradeoffs, its decision nile, its 

treatment of lmce&mQ ' ), and by describing the definitiveness of 

itsmcmmmdations. Abetter- ' of how people 

intuitively make decisions wmld facilitate a t t a w  these 

objectives, as well as developing training procedures to help people 

make judgmmts and decisions wherever they arise. Just tkinking 
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abaut decision makirrg as a general phenanenan might increase the 

mutivaticm and opportunities for acquiring these skills. D R A F ?  
a - - 

-0NS OF D[EcIsIQN MAKING 

OR QuOTAflON one way of readirg the enpirical literature on intuitive 

processes of judgrent and decisian makirrg is as a litany of 

prablems. A t  each of the four stages of decision makFrrg given above, 

investigators have identified seeaningly rdxlst and deleteriam 

biases: Idhen people generate actian options, they often neglect 

alternatives that shaild be abviaus ard, moreover, are insensitive to 

the magni- of theh neglect. As a result, options that shaild 

CarrmMd attention are cut of mind when they are cut of sight, leaving 

people w i t h  the impression that they have analyzed pxblems mre . 
W X R l g h l Y  than 

al., 1980) 

actually the Case (Fischhoff et al., 1978; Pi& et 

lhose mons that are nated are Often defined &te 

vaguely, makiq it difficult to evaluate them precisely, copmrmnicate 

them to athers, fo l lw  them i f  they a m  adopted, or tell when 

ciramrstances have changed enaugh to justify rethMurrg ' the decision 

(Bentkcrver et al., 1985; Fhhhoff et al., 1984; and Fischhoff, 

1987; Samet, 1975). Imprecision also makes it difficult t o  ewaluate 

decisions in  the light of subsequent experience, insofar as it is 

hard to l=Xm&n& exactly what - was trying t o  do and why. That 

remmtm&ion is further caplicated by M i g h t  bias, the tendency 

to exawerate in W i g h t  what one knew in foresight (FkAhoff, 

1975). T h e f e e l ~ t h a t o n e k n e w a l l a l ~ w h a t w a s g o ~ t o h a p p e n  

can lead one to be unduly harsh on past decisions ( i f  it was 
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relatively Wious what was go- to ham, then failure to select 

thebestopt iannrmstmeankmptene)  andtobeundulyoptimistic 

about future decisions (by enamrag- the feel- that things are 

generally well und~?rstood, even i f  they are not working art SO well). 

@ 

men though evaluatixq the relative iqortance of potential 

might seem to be the easiest of the four stages of 

decision making, a gmw- literature suggesb that people are often 

uncertain about their own values. As a result, the values that they 

apress CM be unstable ani m y  sensitive to seemirqly irrelevant 

features of how evaluation questions are posed. 

mlative attractiveness of gambles may deperd on whether people 

are asked how attractive each is or how much they a d  pay to play 

it (Grether Md PI-, 1979; Slavic ard Lkhtenstein, 1983) : (b) an 

insurzance policy may becane llDlch less attractive w h m  its ~ ~ p d u n ~ @  

For exanple, (a) the 

. 0 
*ibed as a 1068~~ (Hershey e t  al., 1982) : (c) a risky 

venture may seem much more attractive when described i n  tenus of the 

lives that will be -by it, rather than in - of the lives 

that will be lost (Kahneman and Tversky, 1979; Tversky an3 Nhneman, 

1981) Thus, Uncertainty about values can pose as serious a pmblem 

to effective decision making as can ' abmt facts. 

Although -le are often w i l l -  to  aclacrwledge uncertainty 

abcut what  will happen, they are nut always well equim to deal 

w i t h  it, in the sense of assessixq the likelihood of future events 

(inthethirdstageofdecisionmakirrg). Aruughmmryof the  

voluminous literature on this topic is that people are quite good a t  
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tra- repetitive aspects of their envirarmrent, but not as good a t  

seen (Hasher andZacks, 1984; Kahmman et al., 1982; Petersan and 

Beach, 1967) - Thus, they might be able to tell how frequently they 

have seen or heard about deaths froan a particular cause, but not be 

able to assess how representative their aqerience has been-leading 

them to Cnrerestiraate risks to which they have been ovemqmsed (cmbs 

and Slovic, 1979; Twmky and mhneman, 1973) lhey CM tell what 

usually happens in  a particular silxation and reagnize haw a 

specific instance is special, yet hwe difficulty integrating these 

two (- ' ) facts-with the 11106t ccprmran bias being to focus on 

the specific information and ignore aqerience (or %ase ratestt) 

fillel, 1980) 

prototypical case, yet not how important similarity is for making 

predictians--usually relying on it too mnrch (Bar H i l l e l ,  1984; 

(Bar 

They can tell how similar a specific hstance is to a 

0 

and lhrsky, 1972) They can tell how they have 

seen an effect follaw a potential cause, yet not infer what that says 

about causality-ften perceiving relations W nom exist 

(w-, 1982; E h h o n  and HogaIth, 1978; shaklee and -, 
1980) lhey have a rcugh feeling for when they )aww more and when 

they know less, ktt not enough sensitivity to avoid a atnmnly 

abserved tendency tcrward ov-idence (Fischhoff, 1982; W a l l s t e n  

and wldescu, 1983) 

Recording to decision theory, the final stage of decision making 

should involve inplementation of an expectation rule, whereby an 

option is evaluated according to the attractiveness of its possible 
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consequences, weigh- by their pmbability of oomrnme. since it 

has beconre acceptable to question the descriptive validity of this 

rule, much has looked a t  how w e l l  it predicts behavior 

(m-, 1979; Feather, 1982; Fischhoff et dl., 1981; Kahneman etal . ,  

1982; National Research Oauncil, 1986; Mmaaker, 1983). 

sullpnary of this work a d  be that: 

predicts people's choices fairly well-if one )axrws how they 

evaluate the probability and attractiveness of -; 

w i t h  enough ingenuity, one can usually find sane set of beliefs 

(- ' the -) for which the rule a d  dictate 

choosing the cptian that was selected-- that it is hard to 

prwe that the nile was not used; 

A ruugh 

(a) the expectation rule often 

(b) 

(c) expectation rules can often 

predict the artcame of decisionaaking processes even when they do 

not at  all reflect the thought processes involved-so that predicting 

behavior is not sufficient for understanding or ai- it; (d) those 

processes seem to rely on rules w i t h  quite different logics, many of 

which appear t o  be attempts to avoidmaking hard choices by findirrg 

sane way to view the decision as an easy choice-for example, by 

0 

dis- ' cansequences an which the atherwise-best aption rates 

poorly (J& and Mann, 1977; Mongomxy, 1983; P a p ,  1982; S h m ,  

1957). 

Ihe significance of these results fram expdmenta. studies 

aepenaS upon how a1 they represent behavior autside the lab, hckJ 

much insight they provide into hprovirq decision making, and how 

adversely the pmblems that they rwedl affect the optimality of 

decisions. ?s might be expeckd, there is no simple answer to any of 0 463 



these questions. Life poses a variety of decisions, sane of wfrich 

slre sensitive to  wen modest imprecision in their formulation or in 

the estimation of their parameters, sane of w h i c h  yield an optimal 

-ice w i t h  almost any sensible p-,  ax^ sam of which csul 

tolerate occasional inaccuracies, but not reament problems, such as 

persistently exaggerating how much one )mcrws (Henrim, 1980; 

Kmysztofcrwicz, 1983; McCoaick, 1981; von Winterfeldt and E&ards, 

1982). Placing decisions w i t h i n  a group or organizational context 

may ameliorate or exacerbate pmblems, ' on haw carefblly 

members scru t in ize  one another's decisions, how irdependen t a r e t h e  

perspectives that they bring t o  that scrutiny, and whether that 

social context has an incentive s- that rewards effective 

decisionmakimg ( a s o p p o s e d t o ~  ' thosewhopostureor 

rartinely affirm camon miscollcept ions) (Davis, 1982; Lanir, 1982; 
0 w a  and Lamm, 1976). 

?he mbutmss of laboratory results is an enpirid question. 

where widence is available, it generally suggests that these 

judgmental pmblems m more than experimental artifacts, d c h  can 

be removed by such '%mtine1l measures as encaraging people to work 

harder, r a i s i q  the stakes contingent on their performance, 

c lar i fy iq  instmctions, varying the subject matter of the tasks used 

in expernrents, or us- educated subjects. ?here a m  many 

fewer studies than onewwld like mgaxduq ' Wjucbfpnental 

perfonnance of experts workirg i n  their own areas of expertise. what 

studies there are suggest sane reason for concern, indicatirq that 

experts think like everyone else, unless they have had the conditions a 464 



needed to acquixe judgment as a learned s k i l l  (e.g., pranpt, 

UnambigllQUs feedback) (Fischhoff, 1982; Hemion and Fischhoff, 1986; 

Murphy and Winkler, 1984). 
- 

Ihe widentiary record is also inccplrplete w i t h  mcpzd to the 

practical usefulness of this e. aZe identification of cmmn 

problems points to places 

or aided. 

been sawwhat limited (grcrWn, 1970; Fischhoff ,  1980; Hemion and 

Mbrgan, 1985; van Winterfeldt and Edwards, 1986). One inherent 

abstadle is users with advice derived by inferential 

human judgnmt shmld be supplanted 

The aoceptance of decision aids (and aides) has, ha+iwer, 

' 

processes differerrt than their natural ones, leaving lJrm&ainty 

abaut how far that actvice is to be trusted a n d m  pmblem it 

really is solving. M a p i n g  (and testing) decision aids that took 

seri-ly the enpirical results of behavioral decision theory wwld 

be a useful research pject.  With regard to situations whem 

decision aids a m  unavailable, there is sane wideme that judgment 

can be impxwed by training procedures that recognize the stmqths 

and of pecple's intuitive thought processes (m et 

al., 1982; N i s b e t t  et al., 1983). Here, too, further research is 

needed. 

. 

?he recurrerrt for similar intellectual skills in diverse 

decisions means that any reseamh into decision-making processes 

d d ,  in principle, provide saw benefit to the space station 
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program. However, them are sane conditions that are particularly 

Fmportant in the space station mirommt and, indeed, might ranay 

occur in less ccgliplex an3 techrnlcgically saturated ones. The 

challenges posed by such conditions wmld seem to be suitable and 

important foci for research. such conditions 

are described in the remainder of this section. ~ach subsequent 

section ccasiders research issues pertinent to one of these 

conditions. In each case, significant progress a- possible, k u t  

wmld appear to demand the sort of sustained prograrmMtic effort that 

NASA has historically been capable of mustering. 

W t i o n  1: The need t o  create a widely shared model of the mce 

station and its slmm rtsvstems ~I~technicdl)acrwledgeneededto 

manage the space program is widely distributed over diverse locations 

onearthandinspace, indifferentcentersonearth, andacross 

d i f f e  -le within each earth and space center. AS a result, 

there are prodigious technical pmblms involved in ensuring 

ampatibility, cansistency, and commmcy amaq the ccenpzterized 

databases upan which these scattered individuals rely. 

prable!HB of infoxmation transrmss ' ion can be resolved, thsre is still 

TY) guarantee that the diverse individuals a t  the different nodes i n  

the systxm w i l l  be aware of the information available to them, nor 

canprehend its meaning for their tasks, nor be alert t o  a l l  champs 

that might affect their work. Even w i t h  a static datahse, there may 

be pmblenrs of wfien the individuals have very different 

kinds of expertise, such that their contributions to the database 

cannat be m y  understood (or evaluatec~) by one anather. 

. 

Even i f  these 

' 
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Ihexnanag~ofsuchsystenrsrequiresthecreationofsaanesort 

of q s t e n w l  'de nddel w i t h i n  which individuals can pool their 

-ledge and-- which they can draw needed information. 

mdel may be a loosely oryanized database, w i t h  perhaps a ruutirq 

system for bring- certain information to the attention of certain 

people (a=- to strike a balance between tell- them too much 

and too little). Or, it may be an explicit wordhated mdel, such 

as those used in  design processes guided by pmoedums like 

probabilistic risk analysis (Mccormick, 1981; U.S. Nuclear Ftegulatory 

Carmnission, 1983) These ILy3de1s assign new infoxmation into an 

integrated picture of the physical system, possibly allawing 

mpkational predictions of system performance, which can be redone 

mt 

-thestateofthesystem(orthet.heoreticalunlerstardurg ' of 
* 

its operation) &amps. shared rncdels w i t h  such carpxrtationd 

abilities can be used to simulate the system, for the sake of 

capr ing  the effects of design changes, train in^ operators for 

emeqencies, and troubleshooting (by seeing what charqes i n  the 

system d d  have prodwed the oberved aberrations). such models 

are useful, i f  not essentidl, for a d w i n g  NASA's g o d  of dllawing 

"crews to irrtervene at extremly lcrw levels of every sukqstm to 

mir failures and take attvantage of disccnter ies" (NASA, 1986). 

Less ambit ious mdels inelude -ts, status displays, even 

s-le engineer- drawings, pool% infoxmation fmm varied human 

and ma- GcIuIces (althoug.h, ultimately, even m u  

information represents sane humans! decisions ' what 
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infomation shculd and can be sunanarized, transmitted, and 

displayed). A11 such models a m  based around a samewfiat artificidl 

modeling t~languagell which is capable of representing certam ' -  

of -lex systeazs. using them effectively mquires ~ ~ ~ u e n c y ~ t  in the 

modeling languages and an of their limits. awS, for 

example, decision analysis (Behn and Vaupel, 1982; Raiffa, 1968; 

von Winterfeldt and -, 1986) can offer insight into most 

decision-makbq pmblems, i f  decision makers can describe their 

situations in  tenus of options, co-, tradeoffs, and 

probabilities--and i f  they can recognize how the pmblem described in 

the nrodel differs fm their actual problem. 

analyses can aid regulators and designers to understand the 

re l iabi l i ty  of nuclear powr plants by pooling the laserwledge of 

pmbabilistic risk 

diverse graups of engineers and aperatnrs-as long as everyme - that suchlmdels cannot cap.ture Ph-=na such as the 
. a 

ttintellectual mnmon mde failure" that arises when operators 

mi- an emergency situation in the same way. 

'Ihe creation, sharing, interpretation, and mainteMnce of sud~ 

models a m  vital  to thcee organizations that rely on them. Ihe 

unique features of such models in the context of NASA's missions are 

their s ize  and cutplexity, their divemity (in terms of the kinas of 

expertise that n u s t  be pooled), and their formality. lhat formality 

canes not only frcaa the technical nature of nnuh of the information 

kt also fman the need for efficient teleccamnunications anmq NASA's 

distrhked centers. Fonnality mplicates the Cognitive task of 

cxamrmnication, by eliminating the info& cues that people re ly  upon 
468 



to UTderStand one another and one anather's mrk. It may, howeve, 

simplify the aqnitive study of such ccmmication by rexkring a 

high portion of significant behavior readily obsewable. 

simplify the Eqnitive engineer- of more effective mDdel building 

It may also 

andsharing, insofarasbettamethodscanbepermanentlyand 

rautinely incoxprated in the appropriate pratocols. 

might produce such methods is discussed below. 

that 

Condition 2: ?he need to make decisions with k e r f  e& SYStems. 

Decisions involv- uncertainty are gambles. Although it is an 

mcmfortable admission where human lives are at stake, many critical 

decisions in space travel are gambles. 'Ihe uncertainties in them 

ccme f m n  the limits of scientific bowledge 

various elements of a mission will perfom, froan the limits of 

engineering )amwledge regardurg haw different mm elmts wiii 

interact, froan the l i m i t s  in the technical capacity for mbaeling 

mnplex systems, and frcpn the unpredictability of human operators 

(who are capable of foul- and savirrg situations in novel. ways) 

Indeed, despite NASA's deep aanmitment to planning and training, the 

~ t u r e  of its mission dema&s that same level of uncertainty be 

maintained. 

machines can do. performance at those l i m i t s  cannot be tested fully 

in theoretical analyses and swation exercises. 

' exactlyhow 

It is expecbd to extend the limits of what people and 

In order to gamble well, one needs both the best possible 

predictions m g a l f h g  ' a system's performance and a clear appraisal of 

the limits of those predictions. such an assessment of residual 
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uncertainty is needed in order to guide the collection of additional 

Wonnation, in order to guide prepration for surprises, a?.?, mst 

inportant of all ;  to guide the decision as to wfrether a mission is 

pkiloscphy) using information wisely requires an ' of 

just how good it is. 

Because gamblhq is so distasteful, there is canstant activity t o  

collect (and pmduce) additional laawledge, either to perfect the 

systean or t o  clarify its imperfections. AS a result, the state of 

knowledge and the state of the systemwill be in ans t an t  flux, even 

w i t h m t  the conthwd d m q e s  of state associated w i t h  its o q o k g  

opxitions (e.g., testing, training, wear). sanehcrw, this new 

infamation must be collated ard disseminated, SO that those . 
CQllCerned w i t h  the syst.pm know what is happenirq and know how llnlch 

me anuther )mxJs. 

to aealm w i t h  a shared model. 

In this way, dealing w i t h  uncertainty is related 

For m-, this residual ' createstheamstant 

possibility of having to override the system, i n  order to m s a m  it 

fm 8clm unanticipated cirarmstarw# or reqxmse. ?hat override 

might involve anything frna a mild couzse correction to a Andamental 

intervention signalling deep distrust of a systex~ that seems on the 

verge of disaster . AS the Fhysical stakes riding on the decision 

incsease, sodothesocials takes  (inthesenseoftheresponsibil i ty 

being taken for system operation and the implicit challenge to system 

designem) Thus, operators, as w e l l  as designers and managers, must a 470 



be able to assess the system's trustworthhess and to translate that 

assessment into an mmpriate decision. 

T h e  variety of individuals w i t h  howledge that a d ,  

conceivably, prcmpt m i d e  decisians means that coping w i t h  

mcddnty is an intellectual skill that needs t o  be cultivated and 

facilitated t h x q h a t  the organization. 

system's overall management pkilosaphy must recognize and direct that 

skill. For -18, a general ht ruc t ion  to '%woid all errordl 

It also means that the 

implies that time and price are llnixprtant. 

cases, persoanel are left adrift, forced to make tradeoffs w i t h a l t  

explicit gui-. such an official belief in the possibility of 

fault-free design may also discatrage the treatment of those faults 

that do remain. Many failsafe systems %ark1' only because the people 

in thpm have I-, by trial and error, to diagnose and respond'to 

pr&lQas that are nut sqposed to happen. 

wher% this is nut the 

of Because the existence 

such unofficial intelligence has no place in the official design of 

thesystem, itmayhavetobehidden, maybeunabletogetneeded 

resumes (e.g. I for reoord keep- or realistic exercises) , and may 

be destrayed by any dlange in the system that invalidates cperator!s' 

understarding of its intricacies. ~ r o m  this pempe&ive, where 

perfection is inpoesible it may be advisable to abanion 

-perfection as a goal as well, so as to ensure that there are 

amugh pmblems for people to learn how to cope w i t h  them. Moreover, 

Steps taward perfection should be very large before they could 

justify disrupt@ aaustamd relationships. mt is, technologicdl 

instability can be a threat to system operation. 
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Condition 3 :  The need to make novel decisians. in m-ruxtine 

situations. With nearly perfect systems, ram pmblenrs are alwys 

sanewhat mei. men wfien they have been anticipated and 

incorporated in contingency plans, there is always sane uncertainty 

about whether the pmblems that arise can be identified with the 

cYanparable pmblems described in the plans. where the plans can be 

retrieved, there is still same uncertainty about whether they will 

seem like the right thing to do once the cantingency is omfmnbd 

"in the flesh." ?he retrim of plans is an exercise in pa- 

matching. -, it also involves a series of decisions mgardhg 

whether a contb~ency has arisen, which plan is meant to fit the 

situation, and whether that plan is to be trusted. 

0 

yet other decision problems will be entirely novel. and 

unanticipated. such situations might be considexed the purest fom 

of decision makfng, dearly calling for the integration of diverse 

pieces of infoxmation in an effort to identie the right cume of 

action, often having to get it right the first t ime. where t i m e  

crmstraints are great, such decision making may involve just the raw 

exercise of intuitive thought processes. Raw intuition may also be 

the primary irqmdient for mre leisurely decisions,   hen there is IIO 

accepted structure for decision makhq. That may happen, for 

example, when pmblans fall at the ion of severdl 

jurisdictions or a they mquktx tradeoffs regarding which the 

organization lacks policy. 
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~n such situations, decision making may be seen as involving 

several kixxl!3 of "-I." 

interactions amrk~ subsystems previously thmght to be relatively 

me!Se include urxierstanding the 

I discernirrg haw the organization's Unaerlyhq safety 

mlosophy applies to a particular novel case, generating action 

options to evaluate, and ferret- shared misconceptions. 

when there is an algorithmic pmcedwe for deciding wlzat to do, 

the novelty of a decision may lie in having to dezd w i t h  a unique 

state of the physical system. 

than the usual tmubleshootirrg (i.e. diagnosing a c h  of a known set 

' that state requims more 

of problems has plxduced the observed synptms). Ram than that 

sort of (sapkisticated) pattern matchirrg, unique states 

equivalent of on-line research. That - may irnrolve Short-tam 

engineering analysis, ushq a t e v e r  aspects of the overall design 

model can be accessed within the time constraints. when formal 

mDdels are inaccessible, then the analysis lllllst be p e r f o m  within 

the 151Erbl models" of the decisicm makers and their aides. 

either ase, judgment is needed to choose the informtioa-gathering 

procedures with the highest 'yield," in terms of hypothesis testing. 

the 

. 

In 

~n addition to the cognitive difficulties of making unique 

decisions, there may also be institutional difficulties to gaining 

support for unfamiliar actions based on interpretations of values and 

facts that are not explicitly part of organization's shared lllodel. 

not be the time needed for customary cmsenms-)xlilding 

efforts. ?here may not be clear recognition of the needed autonamy. a 473 



There may be unusual e3psure to being evaluated in the light of 

biased hindsight. lhere may be problems i n  coomtinating the 

activities of those involved in implemnting the decision. lhese 

difficulties affect the ability to anticipate the of 

taking various actions, as w e l l  as decision makers' ability to take 

WTATIOM 
The creation of explicit shared models demands severdl generdl 

intellectual skills. Ea& c a l d  be the soume of pmb1en-s and the 

object of resear&. Where pmc&ures exist (or can be discovered) 

for enhancing those skills, there should be good opportunities to 

implemerrt them widely (e.g., in the -ter pzugrams used for . 
eliciting and presenting models). scanethvlg ' isknowaboutthe 

of the skills.4 If the same skills recuT in the 

creation of many kh% of models, then 1- xire about them c a l d  

pmvide some generally useful -ledge. are: 

skill 1: identifying and characterizing the key of 

the system being modeled. 

Skill 2: identifyiq and characterizing the interrelations 

betmmthosecanpanents. 

Skill 3: estimating quantitative mdel parameters. 
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Ski l l  4: ewluating the quality of the lIlbdsl. 

III the case of a prababilistic risk analysis, exercise of the 

d c h  pieces of physical f i r s t  skill d d  imhxie dehmmmg 

equipmt (e.g., valves, controls, piping) are vital  to system 

I .  

perfonwince and describing them in sufficiently precise terms as to 

d l a w  further analysis. Ihe SecQn3 skill includes d e h m l m q  

malfunctions in System X need to be considered when study- the 

perfomtnce of Y, and what the functional form of their 

relationship is. 'Ihe thbd  skill might include 

pxbable distribution of failure rates for particular system 

aanpcaents (e.9.t valves, - measures). Ihe faurth skill 

involves actians such as d e t e d d q  the range of values to be used 

in sensitivity analyses, assessing the information yield of possible 

d c h  . I  

the . .  

w 

research activities, and detemhxuq ' h c r w w e l l t h e s y s t m i s  

understood (as a prologue to deciding whether it is urderstood w e l l  

enough for action t o  proceed). 

creating Guch ergineerirqmdels can be seen as a special case of 

the general pmblem of eliciting information from -. 
differs from the perspective associated with what are usually called 

%xpertsystesas.w ~ , t h e x c d e l i n g l ~ d o e s n o t a t t e m p t t o b e  

a natural me. Rather, it is a flexible analytic larquage, capable 

of M i n g  a wide variety of situatiolns and pooling the bowledge of 

It 

diverse eqerb-if  they can express themselves i n  the terms of the 

larrguage. lhus, the core of the needed resear& prograrmne is an 

ewmination of haw people expmss their beliefs in the term of 
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abstract languages, and hckJ they interpret the expressias of athers' 

beliefs in the m d a s  that they share. 
e 

(and ccpmramicate) the nature of their awn mise. Models fome 

one t o  be explicit and allow o m  to  sinnilate the effect of vary- 

assuqtions on model performance. -a, i f  the language is 

awlcward, or inprecise, or incansistently interpretea ,--may 

not lacrw what they are tdlkFrrJ abaut. If the syntax is unintuitive, 

then users may nut understand the implications of the relatiam that 

theyhavedescribed. n l s u c h c a s e s , ~ i s e c r x l c h e d i n t e r m s o f  

true natural languages, W i t h  their deep 

)zrrerwledge, may ncrt ensure mise w i t h  the modeling language. 

Cal tacit 

There even may be a mle far -, helping experts express 

what they know in tenus that the lanrguage can accept. 
. 

As a smll -le of the possibility of Guch difficulties, 

(Fischhoff et al., 1978) t w  g m q e  of experienced garage mechanics - asked j w  t3m caqleteness of tree-like graFhic depictias of 

possible reascms why a car might nut stop. one gmup jua-jea a fairly 

q l e t e  tree, the seccax3 a tree from wh ich  major system (e.g., 

httery, ignition) had been pnmed. Even though the priming rarnvd 

systems judged t o  includa appmxhately 50% of pmblears, the pnmd 

treewasjudgedtobeahm&asampleteasthePulione. ?he 

(pruned) systems that were out of sight were effectively out of 

mind. 

they had difficulty interpret ing that howledge in the terms of the 

Althulgh these =perts clearly knew abaut the miss- systems, 
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mcdel. lhsir expertise might have been better exploited by having 

them list specific hstmces of no-starts, rather than aslcirq for 

estimates'of mtpleteness. A seccad set of exatqles lies in 
- 

the research literaixms aocumenting the difficulties that people 

have with test- hypatheses and discernvrg ' causal relations (EWUIS, 

1982; Fischhoff and Beyth-Maram, 1983; IWmeman et al., 1982; N i s b e t t  

and ROSS, 1980). 

understanding these properties of m i n g  languages is importarrt 

to having realistic expectations froan them. Impmvins people's 

fluency w i t h  them is critical to iqmv- the quality of moael- 

and ths ability of shared models to serve an organizationis needs. 

manthis- 've, what is needed, i n  effect, is an 

of engineer- design as a cognitive and social pxocess, focused on . 
these explicit e%pressions of it. 

0 

Every w i n g  language (like enrery - language, P-lY) 

is better a t  Capturirrg sam kinds of situatbns than athers. 

example, most engineer- langmps a m  ill-suited to describing the 

actions of humans w i t h i n  a technicdl q s t e m  (Hollnagel et al., 1986; 

Rammsen and Rouse, 1981) t econcmu 'c techniques, such as cost-benefit 

For 

analysis, are ill-suited to treating goods that are nat traded 

directlyinan- ' market; military intelligence analyses 

have mre of a place for quantitative, tactical infomatian (e.g., 

about what the enemy has) than far qualitative, strategic infomatian 

(e.g., abart what the enemy really wants) such situations leave 

0 users w i t h  the difficult task of integrating qualitatively 
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diffEcent kinds of infonnation, diffeing in haJ readily they can be 

incoIpo?zltedinthem2del. ReseaxhisneededintohaJtoextendthe 

range of model- larrguages, and into how to help users deal 

systematically w i t h  those factors that are l e f t  out. 

once mDdels have been created, they must be cmmunicated, raising 

the question of who needs to )axrw what. S o m  balance must be struck 

between telling too nu& and too l i t t l e .  one research approach to 

develophq Coarmatnication guidelines wuld cane cut of 

value-of-information analysis, askitq what information effects the 

greatest difference in the expecbd value of the specific decisions 

that need to be made at diffemxt nodes (Raiffa, 1968) A 

complementary, cognitive appmach wwld consider how broad and deep a 

picture people need to see in order to understand the interface 

between their o m  actions arxi those taken e l m .  A third, m0;e 
social appmach wuld ask how people anticipate what athers in the 

system know, so as to be able to interpret their actions (-er, 

1976; Metcalf, 1986). 

a 

Afteramodelhasbeencreated, i tmstbeupdated,bothasthe 

system charrges a r ~ I  as better information abcut it is received. 

Although the natural desire is always to  be auTent, that CM create 

problems of understanding and coorclination. For exanple, w i t h  an 

evolving system, design change!s that are intmdmd piecemeal may 

have qs tem-wide  ramifications that are never detect&. or, users 

may fina it difficult to dedl w i t h  a picture of the system that is 

never the same as when they last consulted it. Both of these kinds 
478 



of problems might be ameliorated by rely* instead on periodic 

modd-wide updatw, a t  the price of letting the modlsl becapne 

E e t t e r  mnodels (and better use of mdels) wmld directly 

produce sane better decisions, in those situations where action 

follckJs directl y fram the analysis of the facts. 

facts do nut speak for -ves, but lllllst be cansidered in  the 

light of organizatiandl policies. such cases, may be same 

place for decision aiding. The shared mdel a x l d  attenpt to 

identify relevant policies and extract their implications for 

particular decision pmblerns. Tb avoid the rejection that decision 

aids f e y  have experimced, they wmld have to  aid decisions 

w i t h o u t  usurping decision-makixq msponsibility. lhat calls, in 

part, for cognitive msear& (e.g., on how to display the assmptions 

and definitiveness of mcammdations) and, i n  part, for social 

resear& (e.g., on how to justify aided decisions) 

III other cases, the 

. a 

The key tousing imperfect sy&e!ms is ’ their 

imperfections. 

about pmblem ard their solutions. 

III part, that is a question of factual knowledge 

In part, that is a question of 
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appraisirrg the limits to one's ' ofthesystem. mat 
-isessentlal ' to being ready for surprises. a 

AS menti& earlier, considerable has exam~bed ' people's 

ability to assess the limits of their own (Wallsten and 

Budescu, 1983) Typically, it has shown weak positive correlations 

be- huw confident individuals are i n  their am bcwledge and haw 

extensive that knowledge is. Al- individudls are more 

)awkJledgeable when they are more confident, the relationship in  quite 

-e&. IhemOstamlmonov&ltendencyistcrward 

Settm, including - involving @xgeYAs l n a k i q  j- in their 

averrrmfidence. Similar results have been observed in various 

areas of exprhse ' (Henrion and Fkhhoff,  1986; Qmes an3 Vanmarcke, 

1976) Md saw involving peuple's assessnent of their understanding 

of technical 
- 

(Fischhoff and MacGregor, 1986). 

A l t h a q h  it cculd express itself as overwnfidence in the 

reliability of a system, overwnfidence in one's awn understanding 

CCpiLd also acp- itsalf in undus readiness to override a system and 

assume persmal corrtml. lhis has, for ample, been the experience 

w i t h  to autamte various kinds of clinical diagnosis (mm,  
1979) 

operatom Md desi- of a systerm are able to assess the extent of 

theirawn- ' of its operations. If these are 

inaccurate, then it beams important to know what cognitive 

pm=sses are involved h assessing confidence (e.g., what cues do 

operators attend to? how do they weigh conflicting cues?). ?hese 

It is, therefom, hprtant to bcw how accurately the 
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pruvide the points of leverage for impwing their 

self-ma- (e.g., by training, restzructuring infonuation 

flows, formalizw the evaluation pmcess) . 
- 

One methodological obstacle to creating more redlistic 

expectations is the difficulty of evaluating current expechtians in 

aperational settings. same novel pmcedums are needed to extract 

expectations in a more or less d i n e  manner and then to c~npare them 

w i t h  aclbual system performme. It may be possible to meter 

performance in scme way, or to Create a Itblack b o x l l  that could be 

used to cdlpare what operatow thclught was hapmlng ' 

really happenins (following successful aperations, as w e l l  as 

follawirrg unsuocessful ones) 0 

w i t h  what was 

. 
Oncetheaccuracyofexpechtianshasbeena.sfipfinnrl, i t m u s t b e  

mranmiated in  wap t ha t  will apprppriately shape operator (and 

designer) behavior. Research has sham that j u s t  Mling -le 

about a j- difficulty has little effect, w i t h o u t  sane 

i-mtmctian in haJ to think differently and in hcrw to match abstract 

principles of thought and analysis to CanCrete prablms (Fischhoff, 

19823 Icahnerman et al. , 1982: Murphy and W i n k l e r ,  1984: N i s b e t t  et 

al., 1983). Fluther research is needed in this aspect of helping 

-le to  use their minds better. It might include exploration of 

alternative statistics for characterizing either the system or 

&servers' of it. Information aba& system reliability 

cmld ccme in the form of va r i a s  sunanary statistics, but also i n  the 

form of 

' 

information that might pxuvide insight into the 
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nature of problems as well as their magnitude. 

be helpful to know about unresolved tensions in the design team, 

about the kin% of individuals (if any) wfio rep- the 

perspectives Of aperatom during the design process, about the e 
(or mcency) of changes i n  design philcso@y, about the state of the 

science underlyhq the design, and about the kird of external peer 

review to which the design w a s  subjected. whether su& cues contain 

valid infomation is an analytical question. Whether that 

information can be used is an qirical behavioral question. 

For example, it might 

Expecbtions are the pmduct of amlying generdl beliefs to 

specific s imt ions ,  as they are revealed by a system's externdl. 

hiikators. Nonually, designers do e m r y t h q  ' possible to imrpwe a 

system's t=msmmq, that is, the chances that its status Md 
* 

operation will be interpreted a-iamy. 

less than caplete, howwer, operatom need to 

imperfections. W degree to which a system facilitates that 

understanding might be termed its mtatmmxmxy 

whem transparency is 
a system's 

In principle, 

- e l ? = = Y a n d m e t a t r a n s p a r e n c y m i g h t b e q u i t e ~ .  In 

mcti-, they miat - vary - y. 
p-ticms of current system status cmld facilitate getting a 

For -le, summary 

general feeling for the system, m abscure the raw observations that 

prnVi.de cues to the reliability of that smnary.  ore generally, any 

refinement to a system can disrupt those finer points of its behavior 

that provide vital  cues to judgmmts of its reliability. Thus, 

designers might consider when operatas would be better off w i t h  a 

S y s t e m t h a t i s h a z d e r t o r e a d b u t h a s b e t t e r ~ q u i r k s .  To 
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avoid such tradeoffs, they might be helped by research into how to 

intmdwe inpmv- w i t h o u t  disrupting cperators' local 

knuwledge. aLis question is analogous to  the questions of how to 

update mdels -(discus& abave) and how t o  avoid deskilling 

(- below). 

One potential D of information ' the limitations of 

a system is analysis of specific problems that it has had. superior 

methods for incident analysis m d b e  useful in this regard. One 

pmblem fat- those methods is having xnixed and mictiq 

puposes. Assignirqblame, d e t e m h q  ' causality, arxl estimatw the 

prabability of Arture mishaps are missions that call for sawwhat 

different Md incanpatible -. A seccad pmblem is the 

effect of hinasight bias, which can distort observexs' 

interpretations of past events and even the memories of direct . 
participants (Pew et al., 1982). A third obstacle t o  effective event 

analysis is ambiNty in the definition of events. 

incidents are defined too narmwly, then the lessons learned may 

a m r e  that a particular event sequeme will not recur, krt give W 

feel- that a -le class of events has been treated. m, too, 
research is needed into the cognitive prpcesses contributing t o  these 

pmblexrc3 and the pmcedums for ov- them. 

For example, i f  

If wents are defined precisely, then they may be amenable to 

theoretical analysis of the optimal breadth (or level) of analysis. 

As the category of event be- studied brpadens, a w i d e r  set of 

evidence bemnes available, a t  the price of being able to ma& less 
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precise conclusions rec~amnerdations.5  here are other 

behavioral aspects of deal- w i t h  imperfect systems that might 

benefit f r a n  analyticdl wrk. 

decision making to different kinds of imperfection in information 

(Henrion, 1980; Krzysztofdcz, 1983; McConnick, 1981; van 

W i n t e r f e l d t  and Edwards, 1982). Anuther is see- how ullcertairrty 

about different aspects of the system accunaiiate to an overall 

estimate of its reliability (e.g., do they cac& or anplify one 

another). Anather is providing same insight into the asynp.rtatic 

level of reliability possible w i t h  systems of different levels of 

-1d.W (Permw, 1984). 

One is evaluat- the sensitivity of 

?he ultimate -ion of a lack of confidencx is the decision 

to override a system over which the operator exercises -isory 

contml. It wculd be useful to  have a fuller description of the e . 
ovmide decision. What cues set it off? tJhatstepsaretakent0 

confirm suspicions? HOW wide a set of system CCBnpanents (or operator 

actions) is called into question? What is the residual core of solid 

beliefsabartthesystem'? Whatcuesare-as-w 

the return of crmtrol? HOW does one override decision affect 

s u b s q m t  behavior? 

one wmld want evaluations of their validity. 

be available in  existing system performance statistics. 

addition to  descriptions of ,such decisions, 

Such evaluatims might 

or, 

aperators' cxmcxrm lnight direct further resear& about the System. 

what operators do i n  the essentially nova situations cmated by a 

decision t o  override is the topic of the follawing section. 
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Arrysystpm- w i t h  irregularities that pose seriw 

threats to life property must prepare for ccnrtixpncies. one 

standard method for doing so is by contingmcy planning: possible 

prabletras are anticipated; the best solution to each is identified; 

those solutions are then incorporated in the training of operators. 

If successful, such exercises will lead to the decision regadmg ' t h e  

a m i a t e  respaflse being made well before any contingency arises. 

Such deliberate decisions shrruld benefit frcan the reduced time 

presswe, reduced (enuticaal) stress, and greater ability to recruit 

d i v e r s e w  (oreventc5caductmsearch)~chranwwith  

planning. In this view, operators will be relieved of the need to 

make decisions in non-raltlne ' situations, by making those situations 
0 

familiar in the form of hypauletical experiences (even if those have 

yet to be experienced in reality). Rre decisions will be made by the 

mnthgmq planners, leaving the operators to decide that sane 

crmtingencyhasarisenandtodecidewhichoneitis. -,the 

correct plan is aocessed and executed. 

plarmixj mqukes a number of itrtellectual skills, 

each of w h k h  CQUld benefit from study dhected at ways to augmmt 

it. A t  the pl- stage, these skills include the ability to 

imagine oontingencies at all, the ability to elaborate their details 

sufficiently, the ability to generate alternative respanses for 

evaluatial, the ability to evaluate those mspnses critically in the 

-Ell mode, Md the ability to caplprmnicate the resultant a 485 



decisions to operam. At the d o n  stage, these -1s hlule 

the ability for operators t o  diagnose their crisis situations in ways 

that allaw them to access the correct plan. 

these stages k y  result in ineffective decisions or in operatom 

woxkiering about the apprupriateness of the decisions that they are 

Failures at either of 

?hese pmblems are analogous to those facing effective w e n c y  

trainirrg in simulators. One worries, for -le, that tho6e who 

&welap simlator exercises, teach the textbook responses, d 

evaluate operators' p e r f O r l n a n c 0  share sorne deep misccarceq3t ions abcxrt 

the system's cperation - so that sane critical cantirrgencies are 

ma considered. One also worries that s p o t t i q  cmtiqemies in 

the simulator might be quite different fma s p o t t i q  them in reality, 

the system may have a different operating history or different 
. 

s o c i a l ~ , o r w h e r e ~ ~ a r e n o t a s p r i m e d t o ~  

pmblems (*ch typically mne at enormusly high rates in 

simulators). howpecpleperfonnthecapnenttasksin 

coprtingency planning might help deaease the number of l%m-ruutine 

decisiorYs that have to be mrrde (by makirrg contingency planning more 

' 

effective) and help assess the need for making n0n-m.rti.m decisions 

(by assessing the limits of mntirrgency planning). 

such- ' might also help reduce the threats posed by 

undue reliance on Caltingency planning. one such threat is taking 
too seriously designers) idealizations of the system. such models 

opten provide a m e n i e n t  basis for generating problexs and 
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exercises. 

However, it is in the nature of models that they capture but a piece 

may even be used to n m  autmated simulators. 

of redlity, often w i t h m t  a clear (and cclpmmunicated) ' of 

just what that piece excludes. 

made to do double duty, being usedby designers to discaver 

In sane cases, a model is actually 

limititions of the system (1- to design changes) and by trainers 

as though it a stable, viable operating system. 

More generally, as neds  to worry abaut hcrw raztine system 

operatians affect operatom' ability to dedL with m-rwtine 

situations. 

that typically fumtions w e l l  wmld be ore kind of interference, as 

wwld acting as thuqh contingency planning had rartinized the -- of ryNel situations. Institutional threats might include 

fail- to train for handling m-ruutine situations or fail- to 
reward those who naturally have the skills for do- so (assuming 

that such skills could be discerned ).  Ihe p m i o w  section suggested 

the p0C;sibility that the cmthwus introduction of design 

inpmmments or the pol- of syrrthetic data displays might 

Inactvertently inculcatiq undue faith in a basic design 

disrupt aperators' ability to "read" the system's state and to 

diagnose novel si.tuatians. 

A general theoretical perspective for such resear& wwld be to 

cansider the particular informational ecology in which judgment is 

acquired as a learned skill. m e r  that ecology charrges, then 

there is sane need to refine or alter judqmtal skills, ard scm~ 

threat of negative transfer. A variant on this threat is aeskilling, 
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useful intellectual skills are allowed to withex or are 

neutralized by design features or changes. 

autaanation hmeases , operators w i l l  increasingly be faced w i t h  

nea~mect &stems, which fa i l  so that there is little 

apportunity to learn their idiosyl.bcracies. ?he prablems of getting 

For example, as 

operators "back in the leap" so that they can cope w i t h  m-routine 

decisions may require scmm reduction i n  autcanation and perfection. 

The result of deautculatian might be an inmesed rate of errors 

overall, but a reduced rate of catastq$n 'c cmes (a resul t  that wcruld 

be hard to prwe given the law rate of ocwrmce for ca-). 

Fbsemch on these issues wmld seem hard and important. 

whenever them is scane significant chance that contingency 

planning w i l l  not do, sam capability is neded for making decisions 

in real time, starting fmn a raw analysis of the situation (perhap 

after goiq  part of the way w i t h  an hwrupriate contingency plan). 

Trauung (-- ' ) the relevant intellectual skills (i.e., 

basic decision-makirq abilities) U d  seem e x t r e d y  important. 

Mbzhmm needs to be 3uwrwn about huw it canbe done. 

operatom need to be able t o  generate good options regardirrg what 

. 

. I  

For example, 

might be happening aKlL what might be done abcut it. studies of 

creativity, in vogue  sa^^ years ago, ostensibly examined this 

question. Howwer, they used rather simple tasks an3 rather simple 

criteria for evdluatirrg options (typicdlly, the mre the better). 

One patential aid to testing those options that are generated wwld 

be on-line, real-time system simulators. These cculd help operatozs 

diagnose the situation that they see by simulating the situations 
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that wmld arise fmu m i a m  possible initiating conditions. 

could also allow simulating the effects of various interventions. 

?hey 

G e t t h q  such systems to mrk suggests sane hterest  ingccarpxrting~ 
interface design pmlenrs. 

A SanaJfiat different kind of aid a d  be base-rate information 

describing typical performance of the system (or ones like it) under 

particular cmditions. 'Ihat information might describe, for example, 

what kinds of manipulations (in general) give one the best chance of 

being able to recover if they do not seem to be mrkiq, what 

manipulations pruvide the most diagnostic information about their 

fail-, what are the best sc~urces of information about current 

system h t u s .  such statistical information might pruve a useful 

alnpl€ment to causal information abaut the system's intendea 
0 

aperation. 

cunuuitment to 1- froan expadence systematically. 

Its collection a d  represent an institutional 

It is often assumed that the choice of actions follows directly 

frcm aiagnosirrg of the situation and anticiptiq of the effects of 

possible intervent ions. -, all decisions are contingat on 

objectives. Most organizations have cmplex objectives, s c m  

admitted and scane *licit. 

inplicati- of those general values cannot be extracted for 

particular situations. It can be disastrcus if the interpretations 

are inappropriate. Here, too, a mixture of analytical and behavioral 

mrk may help to inprove that mlication and anticipate 

misapplications. 

Decision rnaking can be paralped if the 
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topics described here were selected for their implications 

for the design and aperation of equipneat such as muld be faurd in 

the space station and its support systems. Tiley are, however, 

described i n  ternrs of the general psychological processes that they 

involve. maresult, theywuldbepmsuedbathaspartofthe 

developnent wrk for specific NASA systems and as basic resear& 

isrmesexamvled ' 

low-fidelity simulations of the actual NASA environmMts . Similarly, 

in laboratory settings intendea to- 

NASA cculd to -t reseanh prcmpted by &v=r 

systems that place similar intellectual dewuxls on hi- and 

operatom. 

technology from NASA to the general COBmrmnity cmcemed w i t h  

aukanation. 

Such connections would help to ensure the transfer of 

Insofar as this research deals w i t h  pmble!ms relevant to uther 

technologically saturated envhwnmnts, it ShaiLd be able to learn 

fran Welapnents them. one relevant trend is the increas- 

s c r u t i n y t b a t i s b e i n g g i v e n t o t h e q u a l i t y o f ~ j ~ i n  

technical systems. sabe of that interest canes from w i t h i n ,  cut of 

concern for inpmvirg the engineer- design process. other interest 

canes fmm outside, art of the efforts of critics who wish  to raise 

the stmdaxd of accumbbfiity for technologicdl pmblems. III the 

face of that criticism, expert judgment pmves to be a particularly 
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vulnerable target. there is frecpntly Qreat faith w i t h i n  a 

professim in the quality of its judgments, there is not that much of 

a research base an wfiich to base a defense (Feyerabend, 1975; Mom 

et al. , 1981; Nelkin, 1984) 
basic, amlied, and even political interest. 

Such reseamh wcdd have considerable 

A secosd relevant trend is the introduction of CcBfQXrters into 

industrial settings. Ihe creation of equipnmt has always carried an 

*licit demand that it be ccanprehensible to its operators. m e r ,  

it was relatively easy for designers to allow a system to speak for 

itself as long as cperatons came into direct amtact with it. 

oanpzterization changes the gmne by requirirrg explicit summary and 

display of information (Hollnagel et al., 1986) ?hat, in turn, 

requires sane theory of the system and of the operator, in order to 

lacrw what to show and how to shape the interface. ?hat Yheorygg 

might be created in  an ad hoc fashion by the syste!xngs designers. Or, 

them might be scum attenpt to involve designers with sane expertise 

in  the behavior of operators, or even r e p m t i v e s  of the 

operators themselw (even i n  places where they do nut have the high 

status of, say, pilots) . A prejudice of this article, and athers 

pieces written from a human factom perspective, is that concern over 

operability M d  be raised from the very inception of a pmject's 

developnent. m y  in that way is it possible to shape the entire 

design w i t h  operability as a primary cuncern, rather than as a 

. e 

tacks, designed to rescue a design that has been driven by other 

cmoerns. AS a result, raising these issues is particularly suited 
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for a laq-tenu develapaerrt project, such as that cmcemhg this 

workixq grcup ard vdume. 

A fw&mmW. asslmp?tion of this chapter is that much of life can 

be coflstrued as involving decisions (i.e. , the deliberate choice 

amIq albmnatives, often with uncerbn ' information and conflicting 

goals). A comllary assuption is that the basic m t i v e  (or 

intellectual) skills involved in decision making have wide 

imporbnce-if they can be UTderstoOd zud facilitated. 

?hesearehardisSUeStostudy. Huweveqeveniftheycannotbe 

resolved in short o-, systezu perfonuance might be ixpmved simply 
0 

by drawing attention to them. A task analysis of where such skills 

arise can increase sensitivity to them, grant legitimacy to  

operators' Cmplaints regardvrg ' problems that they are exp5encirYJt 

ard encourage a folklore of design principles that might m e  as the 

basis for resear&. 

W decisim- perspective descsibed here is s t m q l y  

cognitive, i n  part, because the decision theory fram which it is 

drawn offem a widely applicable perspective aril a well-defined set 

of CQlEcePts. As a result, them is a relatively high chance of 

resulte rooted in this perspective being generally applicable. 

Morwver, there may be s a e  scam value to a general habit of 

characterizing decision-makixq situations as such. W i t h i n  this 
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cmtext, there is still place to ask about issues such as the effects 

of stress, tension, & l i e ,  fatigue, or space si- an these 

higher-0- m t i v e  processes (Wheeler and Janis, 1980). 

'Ibis perspective sees people as active in shaping their 

envirvnment and their decision pmblems. It cculd be contrasted with 

an operation research-type perspective in which people are reduced to 

system ccmpomnts ard behavioral research is reduce3 to estimating 

on the discrepancy between their performance and sane ideal, 

sane perfonname -. Focusing on what people do, rather than 

ir#lreases the chances of identify@ interventions that w i l l  help 

them to use their minds more effectively. 
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1. 

2. 

3. 

4. 

5 .  

- 
The chapters in this volume by Buckman, mvis, ~-1, Mitchell, and 

Newel1 prwide ather points of access to this literature. 

The relationship between pmblem solving and decision making bears 

more dxsalss ion than is possible here, see National Resear& Council, 

1986 for additional information. 

this particular case, there seems to be such generality, unless 

experience v i d e s  the sort of feedback needed to acquire prabability 

assessment as a learned skill. 

* 
Fischhoff (h press) is an attempt to provide access to this 

literature, expressed in the context of the judgmtal ccanpanent of 

risk analyses for hazardaus technologies. 

lU'by and Fischhoff (1986) discuss related issues in a very different 
context. 
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Reviewing the presentations of Drs.  Davis and Fischhoff, one would be 

hard pressed to fina critical missions in the slate of issues set forth 

regarding human participation in the space station's 

judgmnt/decision/pr&lesolving requirements. 

RtD team, like that facing the future aperatorS of the System itself, is 

deciding which of the plethora of options to address first - and to what 

depth -- in the absence of catplete lawwledge. A g d  will have to be 

set, priorities established among research objectives (all of w h i c h  seem 

worthy), and decisions made on when understanding has reached a sufficient 

(albeit far f m  ideal) level to m e  on to either developent or the next 

agenla item. 

The prablem fachq the 

The present discussion, therefore, will focus on same of these 

programmatic considerations. 

anyone to prejudge the relative merit of research programs yet to be 

proposed for a m h g  target such as the evolving space station concept. 

Nonetheless, current kmwledge is sufficient to begin the process so long 

It wou1zz, of course, be presuxqtiaus for 

as it is with the clear^ ' that frequent stock-tdking and 

cansequent reorientation will UndQUbtedly be required as resear& fklings 

accumulate, design decisions are made, and the entire system takes shape. 

never proceeds in as orderly a fashion as we anticipate in our 

One never plans and proposals because Mother Nature doesn't read them. 

laxrws when she will ch- to m e a l  same important secret that will 

divert the whole process! 
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And finally, the discuss ion of priorities shauld in no way be 

combxed as a call for serial researcs.l. The philosophy endorsed here is 

consistent w i t h  a theme that runs through the entire symposium: parallel 

resear& efforts mst be carried out a t  various levels of specificity on a 

representative sanple of the total problem space i f  the program is to 

evolve - and continue to develop - i n  the most efficacious mer. 

pressure to focus too namowly on the most well-defined or M a t e  

problems is a l l  too prevalent in 

level of public visibility that the space station enjoys. 

problems sure to arise ffdownstreamff are in areas 

knowledge base is a t  best primitive. Attention mst be given now to 

expndiq  those lmowledge bases i f  we are to avoid costly delays in 

me 

’ of this magnitude having the 

Many of the 

the present 

developmt ard/or costly design mistakes as the total system takes shape. 

Both presentations eqhas i ze  the iqortance of developirrg a conaeptual 

model or set of models of the space station. Together, Davis and 

Fischhoff sketch out the essential features of such modeling and the kinas 

of research guestions that must be addressed in order to make it useful. 

I shall not repeat their Obsemations, except to note one point of 

contrast and to explain wfiy I believe mbdel building deserves a top 

priority. 

F i r s t  the contrast. Davis makes a distinction between aspects of the 

total system about which there is and is not sufficient information to 

construct models. where it is deemd feasible, chiefly in the physical 
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d o m a i n , t h e t r i & i s t o ~ t h e m o d e l s - & t h e s p t e n ~ ~ t h e y  

represent - qqresaurcefulqf and ccarprehensible. where it is not, the 

issue becanes ane of fin3itxj alternatives to modeling. 

other hand, seems to have in mind a more ccqrehensive kind of modeling 

e=.'fort: 

understanding. 

incapletely, and pruvidhg a framework upon which to build new 

Fischhoff, on the 

one that e n a p s e s  a variety of dumains and levels of 

Here the crrrqshasis is on integrating what we know even 

understanding. 

whichever concept one prefers, and I lean taward the latter, the 

research issues are laqely the same. 

capture and express praperties of the system that will p- 

understandirrg across disciplines; both recognize that to do so rqu i res a 

better grasp of certain oognitive functions than we now have. There are, 

in my view, at least four main reaso17s to emphasize a broad modeling 

effort (Neister, 1985). 

Bath call for exploring new ways to 

First, the process of model building is the most expeditious way to 

organize our lawrwledge and ignorance, not only at the outset, but as the 

knowledge base grows and the system evolves. Assunptions, facts, 

paramter estimates, areas of uncertainty etc. can be clearly articulated; 

gaps that need to be filled, or estimates that need to be refined, can be 

identified. More than anything, a conceptual model can ensure that even 

the mDst pragmatic research has a better chance of contributiq to the 

total. effort. Taken literally, for -le, the issues raised by Davis 

and Fischhoff cover virtually the entire damah of Cognitive & social 

psychology. were nature to take its course in these various research 
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areas (or even were NASA support to accelerate the overall progress), the 

odds of learning precisely what needs to be known at critical junctwes in 

the space station's d e v e l w  are quite low. 

on this point later. 

mDdel buildirq is a useful technique for keep% the resear& efforts at 

all levels of generality properly focused. one can study confidence in 

judgenent, or interpersonal tension, or hypothesis generation, or human 

prablem solving tendencies, or what experts know ard do, or any of the 

other general issues identified by the presenters in ways that are more or 

less likely to generalize to the space station situation. 

inherent reason why an experiment designed to advance Audamerrtal 

knowledge in one of these areas cannut be condllcted in a spacestation 

con- as easily as in ternrs of weather forecasting, battle planning, 

livestock judqm, or business maMgement. A model is useful for 

specifying that context. 

I shall have mre to say 

For present lxuposes, the argument is s@ly that 

I see m 

e 
A secon3 reason that mdel buildirq merits the highest priority lies 

in its contribution to the ultimate development of tasks and procectures. 

2he ways in which this ContrWion would manifest itself are well 

described in the ttJ0 presentations. 

reasomd design decisions from a system-wide perspective rather than from 

!3omeparOchlal ' or m y  traditional point of view - be that an 
errgheer-, ccnqxlter science, Cognitive, biomedical, or even a humanistic 

perspective. 

develop- a cmmn language an3 franre of reference within which the 

various specialists can function interactively. 

requirezrrent for the successful achievement of this project's goal, it is 

In essence it boils dawn to making 

It forces early attention to such critical matters as 

If there is one unique 
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that barriers to the exchanp of information and intelligence amng 

Units - hm-human, human-machine, ma&he-machine - be minimized. 
Systems of the past have generally had to attack such barriers after the 

- fact because of the initial dcaninance of one or another technical 

specialty. Here the 

opportunity exists to "design in" features that can minimize barriers. 

Model dwelopmnt encuurages this kird of thinking fmm the very 

outset - provided, of course, it is not entrusted to only one technical 

specialty! 

And they have done so with only limited success. 

A third argument for the priority of model building is its &viaus 

importance for t r a h i q ,  and possibly wen p e r s o m d  selection. True, a 

model is nut a simulation. 

fidelity nust ultimately be con~tmcted just as it has been for training 

on all the earlier projects in the space program. 

model organizes w h a t  is hewn and unknown at a particular stage, it 

permits developrent of simulations tht have a greater likelihood of 

pmiding training that will transfer positively to the operational 

tasks. 

hman is apt to emmnter in the space station are more likely to arise in 

a simulator based on a wmprehensive modeling effort than they m d  be in 

a sirmilator designed to maximize purely technical fidelity. 

absence of a good conce&ual model, the criterion of technical fidelity is 

almost certain to d&te. To use an extrem example, suppose the 

mdeling effort identified a social phammon whose course of developmnt 

extends wer a period of mnths and whose appearance dramatically alters 

the way certain kinds of decisions are handled. Naturally, this would 

Nwerthelesss, simulation at same lwel of 

To the extent that the 

The kin% of uncertainties and unanticipated contingencies the 

In the 
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argue for incorporathg a several m t h  duration requirement into the 

sinailation even i f  the technical skills could be mastered in weeks. 

W i t h o u t  this social-process knowledge, the enqhasis would almst certainly 

be on the face validity of the hardware and software ccmpnents. In other 

wxds, caprehensive mdel developmnt would hcrease the likelihood that 

any simulation would capture salient aspects of the operational 

tasks - even same that cannot be capletely anticipated and t8programmed 

in.88 Similarly, it would pmvide a better sanplhg of the averall task 

damah and 

selection requirements. 

a more content-valid bash for setting personnel 

In cithg the virtures of d e l  developat for simulation and 

training, we s h d d  never lose sight of Fischhoff8s warning against the 

possibility of averem@msizhg the known to the exclusion of the unknown. 

Training that develops in operators a depemlence on mutines for handling 

anticimtable contingencies can be counterproductive when trulv navel ones 

arise. 

prablem by ensurhg that the un)akown is pmperly recognized. ?he real 

danger lies not i n  the attenpt to build the 

models we can, but in the tenptation to build simulators that operate only 

w i t h h  the dcanains where our knmledge is most caplete. 

Hcwwer, thoughtful construction of a mdel can help abviate this 

caplete conceptual 

Final ly ,  mdel developrent encourages - irdeed forces -- the kind of 

interaction amng specialists in the design phase that w i l l  have to occur 

amng operational specialists if the program is to be a success. 

a t ru ly  ccrmprehensive mdeling effort w i l l  demand creation of a shared 

language and knowledge base; the exercise w i l l  serve, in essence, as a 

lb mt 
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case study in multidisciplinary coordination as well as the sowxe of a 

design prcduct. 

masense, alltheotherpmposedresearchdirectionsaresubsumd 

under the objective of nrodel develogmnt (or at least are directl y related 

to it). 

tltransparenttt mdel requires judicious selection of which praperties to 

include and ignore, and at what level of abstraction. 

be done is heavily aependent on CIUI: understarrdirrg of human cognitive 

processes in relation to the mysical praperties of the system. And it is 

largely to this d that the research surjgested by Davis, Fkhhoff, ard 

indeed this entire cunference is directed. Nevertheless, one can 

distirguish mre narrawly defined issues, and saane of these appear mre 

pdsing or tractable at this point than others. 

as particularly deserving of a high priority are establiskrment of 

institutional values, manual override and standby capabilities, and 

transfer of trainirrg issues. 

AS mvis points out, constructing an appropriately ltralcruSttt and 

Hcrw well that can 

Severa l  that strike me 

Establishing Institutional Values 

Fbchhoff explains that a critical issue facing decision makers in the 

aperational system will be that of rep-ting the organizationls values 

in dealing with non-ruutine situations. 

cbxumstances that might arise that wmld reqUire human j-t, but it 

is possible to define the value parametem dong which thcse judgements 

wwld have to be made ard the extent to d c h  insitutional, crew, or 

individual value systems a d  take prec&erm. 

One cannat anticipate a l l  the 
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Most decisions incorpOrate value and expectation cansiderations in one 

form or another (Mzber, 1980; Kemey and Raiffa, 1976). The13 are a lot 

of ways to help djectify or imprave the exmzta tion element, but values 

i t 9  lnheren tly subjective. 

judicial systems, wars, a r d  advertising agencies. Unless we can 

articulate the value system urder which the decision maker is to 

aperate - or at least the general process by which s/he is to assign 

values - s/he faces an inpossible task. It is m t  akin to that 

fachq the medical ccxlprmnity in its allocation of scarc=e and costly 

lifesaving resa~vces (such as organ transplants) to a much larger ard 

mltifaceted poplation of worthy recipients. whose interests take 

p-, and how are the value considerations to be weighed? 

This is why there are political systems, 

!this issue is not an easy one to address, in part because it gets to 

the heart of the lllost sensitive, CantrCrJersial, and politically charged 

aspects of any inportant decision domain. 

explicit the level of acceptable risk in air safety, nuclear power, or 
military confrontation (e.g. howmarry lives we are willing to sacrifice 

for larger good). Hawever, there is sa~ne implicit value System 

We do not like to make 

operating in any such decision, and research over the past decade has 

produced methodologies for helping to pin it dawn (Hckmrd, 1975; Huber, 

1980; Keeney and Raiffa, 1976; Slovic et al., 1980). Extension of these 

techniques, and perhaps development of others, to provide a ccam~ln value 

framework for crews and individuals to carry with them into space is 

essential if decision-makiq is to be of acceptable quality. 

without such a f-rk the concept of decision quality has no msanhq. 

Indeed, 
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Ths options are to face the issue squarely and develop a value f-rk 

in advance, or to leave it intationally vague and ad hoc, thereby 

offsetting h t e v e  progress is made towani imprwing decision quality 

thmugh enhancenrent of expectation judgments. 

Understanding Override and stand-by capabilities 

clearly an important set of resear& issues centers aruutxl the idea 

that human judgmmt represents the last line of defense against the 

unanticipated. 

malfunctioning, or that saane luw prabability or unclassifiable situation 

has arisen, and the skill to move quickly fram a relatively passive to an 

The ultimate decision that sanre autmated subysbu is 

active lllDde in respanse to it are critical elements of the human's role. 

Bath presentations address override and standby skill issues albeit in 

slightly different ways. 

lhakhq the best of the situation,v1 or what to do when we have no mDdel. 

He speculates on alternative strategies, and sugg~ts that we need to 

explore them, but is obviously mre concerned w i t h  Ihaking the best 

situation11 - increasing the mbustness and transparency of the system and 

its mDdels. 

the &ole developmt process - the tradeoff between using everything we 
know for aiding and contingency planning ~xlrposes, and preparirrg people to 

deal with the t r u l y  unknuwn. He argues that designing the system to 

maximize decision accuracy may not really be optimal when one considers 

the potential COGts in human judcgmt facility. (Here, incidentally, is 

For Davis, they fall within the category of 

For Fischhoff, these issues epitcnnize a central dilemma in 
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anuther hstance where the pmblem of establishirrg a unified value system 

becaaes critical.) 

what strikes me as particularly qent about reseamh on these issues 

is that we know just enough to worry, but not enough to say hcrw they 

shcruld be handled. 

easily imagine its irrg?licatians for crisis decision-making, but we are far 

fram understanding all the task and individual4ifferem.e parameters that 

govern its sericxlsness (HammM et al. ,1980; ~ & l  ard ~erkar, 1982). 

M we lawrw even less about constructs such as Q-eativity in either the 

individual or g m u p  context. Were we able to identify and measure such 

individual traits, we might include these measures in a persanrael 

selection battery. 

to offset deviant individual tendencies. unfortunately, our present 

lawrwledge of grrrup decision making does not allow us to predict with mch 

certainty huw gratp judgments will capare with individual ones (Iiuker, 

1980; Btiz, 1977; Hclwell and D i m e ,  1986). 

For -le we lawrw about arerconfidence bias and can 

And understanding qrou~ processes might suggest ways 

0 

Similarly, it is fairly well established, as Fischhoff notes, that 

stand-by skills suffer f m  disu~e as the human spends I I D ~  and m ~ r e  tb 

%utside the loapt1 in a mnitoring capacity. 

for cognitively ccanplex and dynamic systems. 

tap of thirrgsll when active irnrolvement becames increasingly rare as mm 

and more reliance is plad on autamting decision functions? 

samething as elaborate (and costly) as a tatally redundant manual. back-up 

ever justified sinply for the purpse of maintaining stand-by 

capabilities? And even if that were done, wmld the human be able to 

?his is particularly true 

But how does one %tay on 

Is 
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maintain a serious klvenmt lawwing the status of his or her role? One 

need only take a look at NORAD operators doing their %annedll training 

exercises to appreciate the significance of this point! Wcolld same other 

form of inv0lvemnt do as well? For what decision tasks should some form 

of inv0lvenmt be maintained? To answer questions such as these, mre 

will need to be learned a k m t  stand-by capabilities in critical tasks of 

the sort that are likely to be automated or aided in the space station. 

Fischhoff Is presentation does an excellent jab of identify- the key 

questions. 

Issues Cancerning the ovexride function should be addressed early in 

the developmt process at a fairly basic level since more general 

hadedge is needed before it will be possible to articulate the mst 

critical applied resear& questions. 

other hand, seems mre appropriately addressed at an applied resear& 

level after it becoanes clear what sorts of functions the human a d  be 

~tand-by skill maintenance, on the 

askedtobackup. 

Training for the Khawn and the UnImm 

Issues of training and transfer are closely related to those- of 

standby skill; in fact, the latter are really a subset of the former. 

purpose of training is to establish habitual ways of thFnking and acting 

in certain situations that are lilcely to improve individual or team 

perfonnance whenever those situations arise. 

sonue idea of what  kinds of situations might develop, them is reason to 

hope that the right habits might be cultivated. 

The 

So long as one has at least 

But if one guesses wrong, 
517 . 



or the situatian danrain changes, or the habits that work well for the 

knmn situations turn cut to be caunterproductive for the unknown ones, 

obviuus transfer problems arise. 

inaccessible for simulation or conthqency planning, thcse charyed with 

training d e v e l w  face the dilerrtvl alluded to earlier. Too heavy an 

emphasis on the known or suspected task elements ccdd develop habits that 

prove disastrous when soanething totally mel canaes alcnrg. 

hand, training that enphasizes the flexibility of response necessary to 

deal with novel situations mild urderrmne ' the potential advantages of 

habitual behavior. 

Since the unanticipated is by definition 

On the other 

Advawes have been made tcrward addressing this dilemma in recent 

research on fault diagnosis and prablem solving (particularly in 

connection with caplex process control systems, e.g. Moray, 1981; 

Ramwen and Fbuse, 1981). 

AzndaTnental questions that remain to be investigated before we can even 

-in to conceptualize huw training ought to be stmctured in a systems as 

advanced as the space station. once again, we have here a set of pressing 

issues on w h i c h  sume headway has already been made and mseamh directions 

Still, as Fischhoff nates, there are a lot  of 

have been identified. For these reasons, I believe it merits a high 

priority in the overall reseamh schem. 

To this point, my CQmmentS have focused exclusively on priority 

setting within the damah of research issues raised by the b o  

presenters. To surmnarize, I believe the mdeling effort should be an 

initial ard continuing enphasis - a framwork within which many parallel 

streams of research activity can proceed coherently and plrposefully. Of 
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those more nanwwly defined issues, I coslsider the matter of establishing 

institutiandl values or value assessment techniques as primary, followed 

closely by the need to clarify the override function, to find ways to 

maintain intellectual standby skills (or defh an optimal level of 

a;clcrmation), and to train aperators to deal with chaxqbq and 

unanticipatable circumstances. 

?here are two other programmatic issues that I would like to CaQrrmMt 

on briefly that were not an explicit part of either paper: 

differences, and the age-old basic vs. applied research controversy. 

irdividual 

On Individual Differences 

Bath presentations suggest quite correctly that OUT designs must be 

geared to typical behavior - of people in general, or patential 
operators, or %xper t~~~.  

in the way people approach particular decision problems, and our research 

should be directed tawarduniers tan3i rg~.    agree. ButIconterd 

there is anather perspective that has been all but ignored by decision 

theorists that might also contribute to the effectiveness of future 

decision systems. On virtually any standard laboratory problem, subjects 

will differ dramatically in both the quality of their per fomce  and the 

way they approach it. True, the majority - often the overwhelming 

majority - will display a particular bias, heuristic, or preference on 
cue. 

overconfidence, or representativeness, or non-transitivity thexe will be 

sane subjects who don't fall into the conceptual trap. 

The assuqtion is that there are cammmalities 

wlt even in the most rabzlst damnstrations of conservatism, or 

What we don't 
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knw, in any bruader sense, is whether these abberations represent stable 

trait differences, and if so, what their stmcture might be and hcrw they 

might be nreasured. There has been scnne work on risk aversion (Atkinsan I 

1983; ropes, in press), hfomtion-prccesshg tendencies (schroaer et 

al., 1967), and decision-making %tylestl (Hawell and D i m e ,  1986), but 

very little ampared to the vast literatures on typical behavior. 

I suspect, though 1 can't really prove it, that individuals differ 

consistentl y in their inclhtion to a t m  to, process, and integrate new 

hfomtion into their Current judgmnts. were this the case, it might be 

useful to have .sane means of such tendencies. Speakhg mre 

generally, I believe 

differences in the way people approach decision problem is just as valid 

as - though considerably mre CcIlCrbersame than - that concerned with 

similarities. It should be encouraged. 

aimed at exploring the consistent 

On basic and applied e strategies 

At various places in the foregoing discussion I have suggested that 

certain issues might be attacked at a mre basic or mre applied level 

given the state of OUT current knuwledge and the denwds of the design 

pmblen~ in that area. 

elaboratim m this general strategic issue. 

I should like to conclude my discussion with same 

If there is one limitation on our understanding of judgment/decision 

processes, in my opinion, it is that of context specificity. Work on 

judgmkal heuristics, diagnosis and opinion revision, choice anomalies, 
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gruup decision makirq, -vidual differences in judgmnt or decision, 

tasks, strategies, and literatures (Hammond et al., 1980; Schmder et al., 

1967). 

particular principle will generalize or whether same human ten3enq is 

likely to pose a serious threat to performance in a particular system. 

cansequently, it is not always possible to judge hcw far a 

Nevertheless, as the two presentations have clearly demanstrated, 

these basic literatures provide a rich source of hypauleses and leads for 

consideration in an evolving program such as the space station. 

juarpnental heuristics and resulting biases cited by Fisdhoff, for 

example, are indeed robust phencaneM, principles to be redaned with in 

shaphq the space station envhnnmt. Huwever, despite their ubiquity, 

such modes of cognition are more prominent in same wntexts ard under sonne 

conditions than others - a point emphasized by Hamnw#d in his %qnitive 

continuum theory1' (Schum, 1985); and the Seriousness of the consequent 

"biased1 de@ to same extent on one's definition of optimality 

(Hamnw#d, 1981; Hogarth, 1981; Schmder et al., 1967; Phillips, 1984, Von 

Winterfeldt and Fdwards, 1986). 

?he 

0 

Consider the averconfidence bias. One implication of this well 

established cognitive menamon is that decision makers would be likely 

to act in haste and believe unduly in the comechess of their action, a 

clearly dysfunctional tenderacy. Or is it? A cam~3n cumplaint in the 

literature on organizational xnanagenmt is that managers are all too often 

reluctant to act when they should (peters and Waterman, 1982). perhaps 

overconfidence may serve to offset an equally dysfunctional bias tcrward 
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inaction in this Settirrg. Similarly, decisions nust often be made under 

considerable ullcertainty , and this will clearly be no less true of space 

station than of business or military decisions. 

is made, albeit on the basis of what &jectively is only a 51% chance of 

success, is there not a certain practical utility in actually believinq 

the odds are better than that? I f ,  as often happens, the decision is not 

easily reversed, what is to be gained by sewn3quessing or %afflingll, 

and is them not a patentid for benefit through the inspiration of 

confidence in athers? ~n some cases that alone can increase the 

odds! 

texkncies, may have functional as w e l l  as dysfunctional implications when 

viewed in a particular context (Hammrma, 1981); and wen then, its 

magnitude may be partly a function of that wntext. 

we can envision the context, the more likely we will be to generate the 

right research questions, and what that research adds to our basic 

understanding of averconfidence or other such p h e n m  will be no less 

valid than that done in other contexts. All j-t and decision 

researclh is done in sonne context; generalization accrues via cornrergence 

of widence wer a variety of wntexts. 

H a d e v e r ,  once a decision 

The point is, averconfidence, like other human Cognitive 

Thus the more clearly 

My basic point is this. 'Ihe space station offers a very legitimate -- 
indeed, an unusually rich - real-world context within which to explore a 

variety of %asbasic11 and ftap@iedll research questions concwmntly. 

Properly coordinated, the d i n e d  effort holds considerable p& for 

advancirrg our understanding of fudamntal jucQnent/decision processes in 

part because of the shared context. 

believe, pranrote such coordination. 

Three considerations would, I 
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First, as noted earlier, scme effort should be made to encarage basic 

researrhers to consider salient features of the space station situation in 

the design of their laboratory tasks and e x p e r k t s .  

argued that putt- any constraint at a l l  on such work violates the spirit 

of %asic research," 1 believe 6 d ~ n ~  wncessians can be made in the 

intemst of irrcreasiq the extemal validity of findirrgs without 

ccarprcnnising the search for basic knowledge. 

strictly applied nature, address- specific jwt/decision issues that 

nust be Mswered in the course of moael i~~ ,  simulation, and ultimately 

design efforts, shcolld proceed h parallel with the mre basic er&avors. 

In same cases, the question might involve choice of a pmneter value: in 

others, identification of how subjects approach a simulated space-sbtion 

task. Necessarily, such research would be less programatic, mre 

responsive to immediate needs, and mre narrawly focused than the 

f m t h m b l  work. 

While it wuld be 

Secondly, resear& of a 

Finally, and II106t importantly, NASA nust do everything possible to 

ensure that the basic and applied efforts are mtually interactive. As 

hypoVleses and geraeralizatians are identified at the basic level they 

should be placed on the agenda of the applied program for test or 

refismnmt ; as features are built into the evolving system conoept, they 

should becoaae salient considerations for the basic research effort; as 

questions of a fundamental nature arise in the course of the applied work, 

they &auld be ificorporatea into the basic research agenda. 
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T h i s  all suxds q u i t e  obvious and Itold hat." Certainly it is the way 

DOD reseamh prugrams, for -le, are supposed to work (Meister, 1985). 

I sutanit, hawwer, that no matter how trite the notion may seean, having 

Closelv m led research efforts at basic and applied levels must be mre 

t -m just an aspiration if the judgment/decision challenges of the space 

station project are to be met successfully. 

into the very fabric of the program. 

develop by its clwn research boatstraps, as it were, pennits little 

slippase and wasted effort. Yet the state of our knuwledge does not 

permit neglect of either basic or applied research donrains. 

It must be planned and built 

The fact that the space station must 

There are, of course, a number of ways this coordination of basic and 

applied work might be achieved ranging f m  centralized ac'bninistrative 

control to laxyescale projects that are taryeted to particular sets of 

issues and enwnpass both basic and applied en2eavors under one roof. 

am not prepared to recanrmend a strategy. Rather, I suggest only that the 

issue is an important one, and one that deserves special attention at the 

very outset. How it is managed could spell the difference between 

enlightened and unenlightened evolution of the whole system regardless of 

how mu& resaurce is allocated to judgment/decision research. 

I 
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CnmTEFt AIDED rmNIT0- & DECISION MAKING 

SYN0PSIS OF GENERAT-I AUDIENCE DISCUSSION 

Most of the points raised during the session 4 and general discussion 

centered around two sanewhat related issues: 

1. the gap between behavioral (heuristic) and traditional (rule based) 

apprcaches to decision making, and 

2. how to deal with shortcmmgs ' in one or the other that detract froan 

systeln perfol3tmce. 

The Gap Issue 

Ihe observation was made that there seem to be two ways of thinking 

about decision problems, each with its own philosaphy and research ag-, 

that are proceed.mg ' more or less hdepexlently. 

pointed aut, the two papers in the session highlight the differences 

between the two approaches. 

should be integrated or linked more closely. 

same extent, it was 

aLe question was whether, and if so how, they 

conflicting views were offered. One was that since the 

differences are deeply rooted in their respective traditions and cultures, 

the barriers will not be broken down easily, and the anticipated payoff 

for NASA wmld pmbably not justify the time and cost necessary to bring 

abaut an integration. A mker of other issues should take precedence 

mer this one. Ihe apposing view was that the two approaches should be 
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better integrated, probably can be if 

a g m ,  and in fact is being at- in a m l  way through research 

puts the issue on its research 0 
cummtly in progress in Fischhoff I s  lab. 

mng the suggestions for an integrative approach were the *ole 

damain of fuzzy logic and the bounded rationality concept (e.g. defining 

general g a s  and then "fiddling with the model at the maryin as in 

lsatisficingV1l). It was pointed out, hawever, that in the context of 

expert systems such approaches reduce to writing a lot of conditional 

rules over a large number of state variables. Thus one cannot summarize 

easily what the system will do mer the f u l l  range of decision problems. 

Applications, Or Dealing With shortccnnings 

Severa l  options w e r e  suggested for minimizing the effect of 

fllboptimalities in hman judgment. Trainirq, while nut universdlly 

effective in overWaning biases, has produced s c m ~  notable successes (e.g. 

weather forecasters). The key may well lie in the proper design of 

training programs (saanething that =its a continuing research effort). 

Increasing the trainee's sophistication in statistical concepts, hmever, 

is clearly of little help. 

Mdiq in its various foms and with its hentory of existing models 

has its place but also has limitations. Wtiattribute utility theory, 

decision analysis, etc. are useful for solving well defined problems, but 

@@bring no la#rwledge to the party.@@ O f t e n  their logic is not transparent 

to the user and critical factors may be dtted. !RILE their output may 
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not be satisfactory in either an absolute sense or as perceived by the 

user. When it amflicts with human intuition there is a problem, 

particularly if the human doesn't understand the logic. User aaeptame 

of even imDroved decisions becanes problematic. 

one approach to Wing with these deficiencies in the aiding mdels 

was advocated by Davis: f h l  out what is missing and build it in. 

Intuition and creative thinkhg are not magic, but rather,  undiscovered 

rationality." F&seamh shmld try to expose that rationality (or 

reasoning) and apply it in creatiq more mbwt Itlodels, as well as more 

transparent ones. To the extent that the reseax& succeeds, it shad be 

incorporated into training as well as aiding applications, and the result 

could be better decisions and greater acceptance of those decisions by 

users (who a d  naw be more likely to appreciate the logic). 
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INTROWCI'ION 

one of the dramatic challenges posed by space is versatile inspection 

and manipulation remtely operated by man. 

NASA would lLke to autcimate everythhg but cannot - because so many tasks 

are unpredictable and therefore not doable by special-pwpose or 

preprcgmmable machines, or are one-of-a-kind such that dedicated 

autamatic devices to do them are too custly in weight and dollars. 

human m i o n ,  planning and control are required. 

physically there is cons trained by hazard and high cost of life flzpport. 

Renate  inspection and manipulation by man, on the other hand, poses 

Same people within and outside 

So 

But t o  place man 

serious prablems of her getting sufficient sensory information and 

controlling with sufficient dexterity. 

Artificial sensing, intelligence and control can help. Unfortunately 

we have hardly begun to urxlerstaxti haw to integrate human ami artificial 

brands of senshq, cognition and actuation. 

to cast the problem in terms of humans versus rabots is simplistic, 

unpmductive and self-defeating. We shdld be concerned with hclw they can 

One thing is clear, hadever: 

GQaEZms. 
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Definitions 

TeleaDera tion is extension of a person's sensing and manipulating 

capability to a location remote frum him. A teleoperator includes at the 

minimum artificial sensom, arms and hands, a vehicle for carrying these, 

and Cammunication channels to and frum the human operator. 

Telemeseme is the ideal of sensing sufficient information about the 

teleuperator and task, and Cammunicatiq this to the human aperator in a 

sufficiently natural way that she feels herself to be physically present 

at the remte site. A mre restrictive definition requires, in addition, 

that the teleoperatorls m i t y  match that of the bare-handed human 

operator. 

Robotics is the science and art of perfonning, by means of an 

autmatic apparatus or device, functions odinarily ascribed to human 

be-, or aperating with what appears to be W t  human intelligence 

(adapted f m  Webster's 3 r d  Intl .  Dictionary). 

Telembotics is a form of teleoperation in which a human operator acts 

as a supervisor, coamrmnicating to a CCBnputer information about task goals, 

canstraints, plans, wntingencies, assunptions, suggestions and orders, 

gettirg back information about accmplishmnts, difficulties, concerns, 

and, as requested, r a w  sensory data - while the suboxdinate teleoperator 

executes the task based on infomtion received frum the human operator 

plus its uwn artificial sensing and intelligence. Acmtpnying the human 

supervisor is a cumputer which can coamrmnicate, integrate, assess, 
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predict, and advise in human-friendly terms; at the site of the telerobot 

is a Ccarpxzter whi& can amnnunicate with the human-interactive CCBnputer 

and effect cantrol using the artificial sensors and effectors in the mst 

efficient way. 

telerobats. 

One human-catpter CQnmMnd station a n  Supervise many 

m i s o w  control in the present context is mostly synonymous with 

telerabotics, referring to the analogy of a human supemisor directing and 

mnitoring the activities of a human subordinate. Supervisory Cmrtrol 

does not necessitate that the subordinate person or machine be remte. 

Early History 

Prior to 1945 there were crude teleoperators for earth w i n g ,  

construction and related tasks. &out that time the first mDdern 

master-slave teleoperators were develaped by Goertz at ?qonne National 

Labs. 'Il.lasewerelMchanl 'calpantograph- 'sms by which radioactive 

materials in a I t h o t  c e l l l l  could be madplated by an operator outside the 

cell. Electrical and hydraulic ' s ins  soon replaced the direct 

mechanical tape and cable linkages (Goertz, 1954), and closed circuit 

television was introdwed, so that now the operator could be an arbitrary 

distance away. Soon telemaniplators were being attached to submarines by 

the Navy and used cammercially by offshore oil extraction and cable-laying 

firms to replace human divers, especially as operations got deeper. 

the mid 50's technological develqmnts in %elepresenCe1l (they didnlt 

call it that at the the) were be- demonstrated (Mosher, 1964; Johnsen 

and Corliss, 1967; ~eer ,  1973). ~mong these were: force reflection 

By 
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sinIultaneulsly in all six deql#w of freedam; hands with nullti-jointed 

fingers; coonlinated -arm teleoperatoxs; and head- displays 

which druve the reanote camerii position ard themby pmduced remarkable 

visual Wepresence. 

1965 experbents in academic research laboratories had already 

revealed the prablems of Wemanipulation and vehicle control thraagh t i m e  

delay (Ferre l l ,  1965), and the early lunar teleaperator Suweyor 

demonskated the problems vividly in an actual space mission. 

sensing and display research w a s  already u&srway (Striclcler, 1966) though 

there was little intemst i n t e l e t m c h a t t h a t t i m .  

supewisoxy control was sham to offer a way arourd the time delay 

pmblem, and also to have advantages even withcol t  t i m e  delay in the 

Caamrmnication channel, where, in order to avoid collision or dmpphq 

grasped objects, qui- teleqerator reaction time was needed than the 

distant human operator wuld provide (Ferrell ard Sheridan, 1967) 

Tauch 

s c e n m  

Dxxgh the NASA &ear rockst pmject munted a major effort in 

teleaperatOr develapaent in the 19601s, after that program was cancelled 

and thrcxaghaR the 1970's there was little support for space Meoperation 

or telembotics. By 1970, huwever, irdustrial mbotics was caning into 

full Swirrg, for Vnimation, GE and a handful of other American, Japanese 

ard sardamvian manufacturers had begun us- relatively s-le 

assembly-lhe robats, mDstly for spot weldhq and paint spraying. 

htlustrial mbots had became graced by wrist force sensing and primitive 

By 1980 
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ccgn~x~ter visian, and push-httcm 'teach perrdarrtll control boxes were being 

used for relatively sinple prograrmning f m  the shop floor. 

w autward a- six-degree-of-freedcan, force-reflectiq, 

serial-link electrical or hydraulic mster-slave maniplators have changed 

little in forty years.  here are a few new and prcanising mecharu 'cal 

configurations of anns and nuilti-fiqered hands in laboratories, but as 

yet they are unpswen in practical application. Video, driven by a 

marketplace, is now of high quality and miniaturized, and 

digitization and siqle recognition pmcessiq of video images is fast and 

hexpensive. 

array) senso- available in the laboratory, but as yet little 

we have a variety of touch (surface contact and pressure 

of h m  to use these sensors. In teleoperation depth 

perception remains a serious prablem, but there is prcnnising resear& on 

several fmnts. We still have not achieved fine, dexteyaus 

telemanipulation with high fidelity feedback as inplied by the term 
%elepmseme'' . 

As yet them is rn satisfactory crmtrol theory of manipulation as an 

integrated sensory- control activity, but new theories have been 

developed for maniplation task-analysis fram an AI perqective, for 

kinematic-2tynamic control of -lex linkages, and for force-aisplacement 

hand-errviranmant hpdance . We still think of contm1lir-g maniplator 

arms and the vehicles thich carry them as separate activities; we haven't 

learned to d i n e  the ttJl0 (though infants do it with ease). We have 
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demmtrated sinple humm-sqprvised, -aided teleapration in  a 

rnrmber of ways, kR OUT understanding of human-carpxrter couperation is 

very primitive, hardly cammurate w i t h  the label %ekmbot" w e  enplay 

w i t h  such abandan. 

a 

Telesensing 

My colleague, Dr. Stark, who is an MD anfi more -able than I, will 

deal mre extensively w i t h  this category, particularly w i t h  vision, the 

mst inportant human sense, and w i t h  the needs and possibilities in 

virtual displays and controls, depth perception, and other significant 

needs in Weuperator -. 

is, 1 .  I wmld like to ccmnent abcrut resolved force, tmch, kmesths 

pmpricception, and proximity - five critical teleoperator sensing needs 

d c h  nust be recognized as be- different frna one another. 'II.lese five, 

w i t h  vision, are essential to achieve the ideal of 

%elepmsen&@. 

normally functions, and then to u k k s b n d  how the apprapriate sigmls can 

be zneasured by artificial transctucers and then displayed to the human 

For each it is hportant to understand hcrw the human 
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operator m o r  used by artificial intelligence in a way helpful to the 

l-luman opentor. 

Resolved force sensinq is what the human body's joint, muscle and 

~ r e c e p t o r s d o t o ~  ' the net force and tow acting on the 

hand, i.e., the vector resultant of all the ampone& forces and torqes 

aperatirrg on the env-t. 

this is meafllred either by: 

(so-called wrist-force sensors) ; 

slave, which, when CQnPared, indicate the relative deflection in six DOF 

(which in the static case coxreqmds to force) ; 

Current or hydraulic actuator pressure differentials. 

to the operator can be straightforward in principal; in forcereflecting 

Mster-slave systems the measured force sigmls drive mbrs on the master 

arm which pzsh back on the of the operator with the same forces and 

t oques  w i t h  which the slave plshes on the environnmt. This might mrk 

perfectly in an ideal mrld where such slaveback- force servo@ 

is perfect, and the master d slave arms impose no mass, mpliance, 

viscosity or static friction characteristics of their am. uhhappily, not 

only does reality not conform to this dream; it can also be said that we 

In force reflectirrg -lave systems 

(1) strain gage bridges in the w r i s t  

(2) position sensors in bath lMster and 

(3) electrical motor 

Display of feedback 

hardly understand what are the deleteriaus effects of these mecham 'cdl 

properties in masking the sensory infomation that is sought by the 

operator in p e r f o m  teleminigulation, or how to minimize these 

effects. At least, thanks to CCBnlxfter coordinate transformation, it has 

been shuwn that master and slave need not have the same kinematica (Corker 

and Bejczy, 1985). Force reflection can also be applied to a rate-contrOl 

jaystick (Lynch, 1972) but it is less clear a t  the advantages are. 
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is the term used slcppily to refer to various forms of force 

sensm, wt m#e precisely to refer to differential pressme sense of the 

skin, i.e., the abi l i ty  of the skin to detect force patterns, w i t h  respect 

displacement both tangential and normal to the skin surface, and to 

t ime.  W skin is a poor sensor of absolute magnitude of force normal to 

the surface and it adapts quickly. There are n m  a few instrumen;ts for 

art if icial  tel-; mDst of these have much codzser spatial resolution 

than the skin, thmgh a few of the newer ones u t i l i z i n g  cptics have the 

patential for high resolution (Haxmn, 1982; Schneiter and Sheridan, 

1984) . 
pressure patterns shauld be displayed to the human aperator. One wmld 

like to display such information to the skin on the same hand that is 

aperatirrg the jaystick or master a m  which guides the renvJte maniplator. 

This has not been achieved successeully, and most success has been with 

displaying remute tactile information to the eyes using a -phic 

display, or to skin a t  satm other location. 

A major research problem for teletouch is haw artificially sensed 

-is and IlrOD ri- ionaretemsoftenusedkgether,  a t leas t  

in part because the same receptors in t h e h U m a n b O d y ' S ~ l e s  and t32ndOk 

mediate bum. Kinesthesis literally is the sense of mtion and 

prapriaceptian is warmess of wlhese in space one's limbs are. 

Tel-is an3 telepmprioception are particularly critical because, 

as telemani~atim experience has shown, it is very easy for the aperator 

to lose track of the relative position and orientation of the renvJte arms 

and hands and how fast they are wing in what direction. ?his is 

particularly aggravated by his haviq to obsenre the renvJte manipulation 
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thmu#~ videu withart p e r i w  vision or very good depth pemeption, or 

by not having masterslave position co-, i.e., when a juystick 

is used. nniltiple views: wide field of view fram 

a vantage point a c h  includes the arm base: and -enera+Prl images 

of various kinds (the lat ter w i l l  be discussed eurther below). 

better sense of depth is critical to telemanipulation in space. 

a 
d e s  are: 

providing 

sensinq is not scanethh~  humans normally do except by 

vision, but cats do it by 

blind persans do it by soml cues or vibrations fe l t  on the face. 

of ccxuse, will not work in space. Electrmagnetic and optical systems 

can be used for measuring p&Q (close-in rang-) to avoid obstacles 

or decide when to slow dawn i n  appraaching an object to be manimated 

(Eejczy et al.980). 

eyes by r&eans of a cmpterqra#dc display, or, i f  the eyes are 

considered werloaded, by 6aL111cI patterns, especially -enerated 

speech. we need to UnderStaTd haw best to use such information in space. 

or olfaction (saell), and bats ard 

Sonar, 

Such auxiliary informtion can be displayed to the 

It was stated in the previous section that we h o w  relatively little 

about certain types of remte sensing, i.e., bath artificial sensirq and 

display to the hunm -tor cantrolling the teleoperator (this in spite 

of )aurwing a great deal about human sensing per se). 

a c h  tenus we include cmtrol in the amventional sense) poses an even 

larger problem, since it canbines mtor actuation with sensing and 

decision-makhq, and it can be said we lamw even less abaut this, except 

Fanote actuation (in 
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for the practical kmwledge we have fram operating the kinas of 

teleuperators that have been araLlllcl for a rnmrber of years, mostly in 

nuclear hut-laborabries and for undersea oil aperatians. Again, ccnnmerrts 

are offered in a rnrmber of specific categories where sane is 

ongoing but lllllch m2-e needs to be done. The control problems in this 

category, where a m p t e r  interaction per se is not the principal issue, 

apply to both direct and supewisory control. 

Wti-deuree-o f-freedan d-ef fec tom seem a mst abvicrus need, as 

evidenced by our awn human han3s, but the sad fact is that these have nut 

been developed beyond a few laboratory pmbtypes. ccamrrer~ial 

maniplators tend to have simple parallel-jaw grippers, anl a few have 

claws, magnetic or &suction gripping mechanislrs rorspecmE.rurpose 

attadnwnt devices for welding, paint spraying or ather special-Ixupose 

tools. 

one DOF end-effector, it is not yet clear khat a 

or a third, etc. Wti-fingered devices such as those by Salisbury (1986) 

or Jacabsan (1987) w i l l  help us answer these questions. A t  the 

fear of losing objects in space seems to militate against generdl puzpose 

grippers; that a u l d  m e  in the future. Modern ccnrpxlter-graphic 

tJorkstaticms begin to offer the hope of studying problems like these by 

carpher shmlation withcnt t  having to build expensive hardware for e v q  

configuration and gemmtric relationship to be tested. 

Thmgh parallel-jaw griming seems the M)st obvims function for a 

DOF might be for, 

Itxz-arm interaction is a necessity for much human maniplatian (it has 

 beam^ standard for nuclear hut-lab manipulatoIs), but we rarely see it in 

irrdustrial or undersea teleoperators. part of this problem is to get the ' 0  546 



mst & a given number of --of-freedow. For -le, instead of 

having a single six-axis arm operaw on one body relative to a seamd 

bcdy (abase ) ,  cmem&$~ta~lishthesmnebyhavirrgathreeDOF 

"grabber armta position the body so that a secm3, say, three DOF arm can 

work in coordinated fashion to perfom saw assembly task. 

rabot experience ShCkJs that tm three DOF anm are likely to be simpler 

Industrial 

and cheaper that  an^ s~X-DOF arm. 

applications; the problem needs reseamh. 

T h b  has nat been -1- in space 

FMwdant DOF Hand-ann-vehkle coordination is a serious problem, ard 

actually a need for any kinematic linkage of more than six DOF which mLlst 

be carrtrolled in a coodmated way. 

theomtical problem, a t  least i n  part because the narmber of configurations 

whicb satis* given d -po in t  position/orientation CQllStraints is 

infinite. 

energy or time or to avoid Certain absolute positions of the joints, or t o  

prevent sirrgularities, etc., but the mathematics is fornidible. One arm 

o f t h r e e a n d c m e o f f c r u r D O F m d k e f o r f l l c h ~ , ~ ~ ~ ~ ~  

rime inportant, so does a vehicle thrust- in six DOF w i t h  an attached 

arm of even one DOF. We ~LRMIIS COoLdinate m o v ~  of our uwn legs, 

arms, and bodies (many mdmdant DOF) w i t h o u t  difficulty, but just huw we 

do it is still a relatively well-kept secret of nature. 

T h i s  is largely an unsolved 

one tries to select f m  amrq these solutions to minimize 

Eillti-DerSon COclDera tive cantrol is one way to control a -lex 

mlti-DOF teleoperator - wfiere each of several operators is responsible 

for maneuvering a single arm or vehicle i n  relation to athers. Is this 

best or is it better to have a s-le operator contml a l l  DOF of bath 
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vehicle and arm? We really don't ]aclw. Results fran sinple tram 

 experiment^ qpst  that control of multiple independent tasksisvery 

difficult for o m  persan. when the degrees of freedm of a task are 

c l d y  coupled and/or must be coordinated to achieve the task objectives, 

that can be relatively easy provided proper control means are provided - 
but up to how marry DOF? It is surprising how little research is available 

inthisarea. 

Pdiustable imedame of master and/ or slave is a premising way of 

makirrg a mastercslave teleoperator more versatile than i f  the 

ccarq?liance-viscosity-hertame parameters renamed ' fixed (Raju, 1986). A 

carpenter may carry and use w i t h j n  one task sesmzll different hmmaers, an3 

a golfer many clubs, because each pmvides an hipdame CharaCteristiC 

teleoperatom into space may be avoided by making the hpdance between 

apprapriate for particular tasks wfiich are expcted. Carrying marry 

slwe and task and/or between human and master be adjustable. we have 

hardly begun to urderstand this problem, and have much to learn. 

Intercharraeable d-effector too Is is another way to accmplish 

versatility, and of oaurse is precisely what carpenters, mugeans or ather 

CraftSmM use. Futum space teleopratom may have a great variety of 

special tools for both moaieyirrs and measuring the enviranment. It is not 

clear how to make the trade be- special and general purpose 

&-effectors. 

Task-resolved manimlation means p e r f o m  stardanl or pmprqmmd 

operations (e.g., cleaning, inspecting, indexirrg a tool) relative to the a 548 



surface of axrenviranmentdl object ( Y o e r g e r ,  1986). T h i s  mans sens- 

that surface in the process of manipilathq and amtinually perfoming 

coordinate transfc#matians to update the alES with respect to which the 

operations are be- done. This is an extension of erd-pint resolution - 
z s i l i t y  to canman3 the fhqer  to m e  in  a desired trajectory w i t h o u t  

having to worry about how to m e  all the joints in between. 

Force-feedback with t h e  delay has been shown bath themetically and 

- s l y  nut to work i f  the force is fed badc -ly to the 

same hand as is aperat- the -1, far ths delayed feedback sinply 

forces an instability on the process which the operator might atherwise 

avoid by a me-and-wait strategy or by supervisory -1 (Ferrell, 

1966). Yet it seems that forces suddenly encanrtered or greater than a 

preset magnitude might be fed back to that hand for a brief period, 

pmvided the forward gain were reduced or cut off during that same brief 

pericd, and the master then repositioned to where it was a t  the start of 

the evat w i t h  no force-feedback. 

in supervisory Contml 

CarPxlterrJ may be used for relatively ~ ~ l c k l - 1 e v e l I l  amptat ions in  many 

of the telesensisq/display a x l  teleactuation modes descrihd above. There 

are a IlLrmber of other teleuperation research prablenrs in which the 

l n m a n ~ ~ c t i o n i s t h e i n l p o r t a n t p a r t .  lheseincludeccanputer 

stnulation, -based phmirqldecision-aidbq, and -aided 

c a m m a r d / c x m m m i c a t i o n / ~ l  in various mixes. A l l  of these are part of 

supervisory control by a human operator of a telercrbot. 
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D R A F T  

teleopratian for resear&, errgine&ng or training has barely begun to be 

viable. 

the vehicle plus the arm and hand plus the maniplated object plus the 

envimment, haviq a l l  degrees of freedan operate, w i t h  mnnval of hidden 

is muse of the caplexity of s imulaw and aisplayirq 

lines, andwan. men r#aninally highqmlity 'cs machines 

have truuble w i t h  generatian of such caplex displays in real tb .  We 

can cane close today, but since amputer 

bacnd to imprare dramatically m e r  the cmrse of the calling few years, we 

is the o m  thing that is 

might pay attentian to the many possibilities for u s h ~  carpxrters as a 

substitute for l x i l d h ~  apensive hardware to perfom znanlMchins 

aqerimmts and m u a t e  new design configurations. 

pmblems to simulate the f u l l  dynamics of nui l t i  DOF arrns and hands. There 

are problems to be solved to make simulated teleopemtors grasp ard 

d p l a t e  simlated objects. 

pictures (in terms of resolutian, frame rate, g r a y d e ,  color, etc.) 

Telepreseme is an ideal in simulators j u s t  as it is in actuality. In 

fact, to enable the human operator to feel he is Ivtherevv when vvtherevv 

exis ts  nuwhere uther than in the ceanputer poses a particularly interest- 

challenge. 

lhere are serious 

are many problems to get high quality 

On-Line in-situ ~lannirra sirrculators might be used %I the heat of 

battlevv to try out mamwers just before they are cmmitted for real 

actian (and real expd i tu re  of precious resmmes in space). In this 

case cmmnards would be sent t o  the canputer-based model of the vehicle 

and/or maniplator and these tnxlld be observed by the aperator 
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pmspectively, i.e., before further COamMnds are given (as ccanpared to the 

retrospective state estimation cas8 to be described belcrw). cxmnanb 

(supervisory or direct) U d  be given to the simulatim model but not t o  

theactualpmcess,themcdelresults%mldbeabserved, andtheprocess 

could be repated unt i l  the operator is satisfied that he knuws what 

copmaandsarebesttoccamaittotheactualprocess. m a r e  

possibilities for havm the simulator IWactll the movemmt of the actual 

process so that any on-line tests cmld start froan autmatically updated 

initial e t i o n s .  me pmblem of what to cantrol lnanually and what to 

have the CCBnpzter execute by following supervisory instructian is 

scanethirrg that cannot be solved in g€mera.l but pmbably must be decided in 

each new context; the on-line planning simulator misfit be a way to make 

this h a p .  

On-line simulatim for thede lay  cam~ensa tim is appmpriate anly to 

direct cantrol, and is not necessary for supewisory omtrol. 

ColIIPnands are sent to themodel and the actual systemat the same t i m e .  

?he modelfs prediction (e.g., in the form of a stick figure arm or 

vehicle) can be superposed on tap of the actual video picture delayed in 

its return frran space. 

model immediately (before the time delay runs its course), thereby be much 

mre confident in his m e  befare ming for feedback, and thus save 

Here the 

 he operator can observe the results from the 

several %me-ard-wait~~ cycles. 

for models of the maniplator arm (Noyes and Sheridan, 1984), but not yet 

for the manipulator arm and cantrolled vehicle in annbination. when the 

mtim of vehicles or other objects not under the qeratorls control can 

be predicted, e.g., by the operator indicating on each or several 

?hese techniques have been demonstrated 
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successive Premeswhexe cartam ' refemme points are, these objects can be 

added to the predictor display. 

aids, the display can be presented fram any point of view relative to the 

manipllatorBehicle - a feat which is not possible w i t h  the actual video 

W i t h  any of these plad.q/pmdiction 

m. 

state maswmmt/estimation/dkmlay has potmtial where al l  

information a b u t  what is going on "right TtcIw" is not available in 

convenient form, or where 

multiple measurements may amflict. The plrpose is to provide a best 

estimate of the current situation or %tatell (values of key variables 

which indicate wfiere the telemaniplatar em3 effectar is relative to 

reference coordinates or to mhmenta l  objects of intezest, what are 

the joint angles and joint angle velocities, what is the level of energy 

or other critical msmrces, and so on) and display this t o  the human 

aperator in  a way w h i c h  is meanirrgAzl and usable by h i m  for prposes of 

ccurtrol. T h i s  may mean ccanbinirrg information fram multiple r e m m m m t  or 

data-base scurces, then debiasing this information to  the extent that can 

be done (in light of available calibration data), and factoring in 

prediction of what the state shauld be based on hcwledge of what recent 

i n p u t S w e r e M d ~ t ~ t h e l i k e l y S y s t e m r e s p a n s e s t o t h e s e ~ .  A 

-1- state estimation yields a %esP probability density distribution 

over all system states. MU& theory is available on state estimation but 

there has been Illlrvlnt no application to space teleuperation. Sane 

resBarch has sham that human operators are unable to assimilate state 

infomatim that is too mnplex, and tend to sinrplify it for themselves by 

estimatirrg averages and thruwing away the fu l l  distribution, or a t  least 

are subject to bias or noise, or 
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by us- msinp le  index of dispersion, or in the case of joint 

distributiopls avar t m  or more variables by consider- only the maryi.mil 

distributiom, or even Shplifying to point estimates on the inaeperderrt 

variables (Roseboraagh, 1986). Resea-& is needed an how to p m i d e  the 

aperator a l l  that can be gat  fm state estimation ard how to display this 

ins- my* 

smervisorv conrmand lanuuaa es must be developed especially for space 

teleuperatom. We have a good start  hKnn im3ustr ialrabotcammand 

languages (Paul., 1981) and fman the few e x p e r m  supervisory - 
lampages which have been developed in the laboratory (Breaks, 1979; 

Y o e q e r ,  1982). We must llIylerstand better the relative roles of analogic 

instsuction (piti- a control device in space, point-, 

demnstmtig a movement) and symbolic instruct ion (entering str- of 

alphanumric symbols in more or less natural laquage to aarnrey logic, 

description, cmthpnc ies, etc.). clearly in  everyday discame we use 

both analogic and symbolic codirrg in cxpmrmnicating with one another, 

especially in teadhg craft skills, d c h  seem to relate closely to what 

teleuperation is. Bath aanuumication mryjw must be used in comnmica t~  

with a Mer&&. Ihe telerobat usually starts with little or 110 

%ontext" aba.zt the world, which objects are which and where they are in 

space.  or this reasa ,  it is 

designated reference point on the teleoperator, to point with a laser beam 

or othemse ' to identify objects (pexbap mmwmntly w i t h  givm m 

or reference information symbolically), and to specify reference points on 

those objects. Recent progress in ccgnlxlter linguistics can contribute 

mch to supervisory ccmnanl larrguage. 

0 

to M objects with a 

553 



- 

voice ccoltrol and feedba &, for a l l  the times it has been suggested as 

an interestirrg telemanimation resemh tapic in recent years, has seen 

very little systematic resemh. Voice canmaxd probably has the mst 

for giving 'kyx&olic" CQBrrmandS to the canpter (in contra& to the 

laormdl %nalogic'f or geoanetyic isamrphic CQBrrmandS d c h  the -lave 

or jaystick pruvides). 

certain autcanatic or supewisory loop such as grasp force, or to set 

ccatrol gab, masterslave aqli tude or force ratio, or to guide the pan, 

tilt and z o m  of the video aneras (Bjczy et al., 1980) . 

V o c a l  symbolic caamnands might be used to reset 

Aids for failure detection/identification/emmencv resmnse are 

particularly inportant since i n  a capla system the human operator may 

have great difficulty knowing wfien s c m  cqpnent has begun to fail. ' ihis 

can be because the c!qmmnt isn't being operated and- there is no 

ahnormal variable indicated. Alternatively, i f  it is being operated, the 

variables being presated as abnormal CQUld have resulted froan an 

abnormality w e l l  tlpstream. Finally, the operator can sinply be 

overloaded. Many new failure detecticm/diagnosis techniques have been 

M o p e d  in recent years, sane of t h a n  involving Bayesian and ather 

statisti& i n f m ,  sane involving multiple canparisans of mBasured 

signals to opl-lh mdels of what normal n?spmse a d  look like, and so 

on. Failure detecticq/diagnosis is a critical part of supervisory -1, 

where the operator depends on help fraan the ccpnlxrter, but himself plays 

ultimate judge. This may be a prime candidate for the use of acpert 

Systeras- 
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Meta-analysis of Htnnan/Ccanputer/Teleaperator/Task Intemch 'an 

Abstract theom of manimlation and mcham 'cal tool-usirrg has been 

surprisingly l a m .  

1940-60 period, nwer really coped w i t h  the ccnnplex sequential 

aependenries of coordinatirrg sensory and mator activities to perform 

nrechanical mlti-DOF manipulation tasks. Only b h m  industr i a l  rdmt 

engineers kegan to face up to how little they knew about huw to do 

assenkly did the need for a theory of manipulation beccane evident. 

Scmdww it seems masonable that the syntax of manipulation is analoguuus 

to that of natural language (i.e., tool-action-object co- to 

subject-vexb-object, w i t h  appropriate mdifiers for ea& term), since both 

are primitive human behaviors. It then seems a smll step to apply 

ccanputatianal 1-a to manipulation. 

doneasyet. 

Qntrol engineer-, as it developed through the 

But little of this has been 

performance measures and assessment techniaues Eed to be developed 

for Meoperation. A t  the mwnt there are essentially no accepted 

standards for ' 

software or both) is better or wo- than same other. 

that one telemanipulator system (of hardware or 

Of  course to same 

extentthis is context dependent, andthefllccesswill dependupon 

specific missioa mqhmmts.  Wlt there have got  to be s ~ n e  generic and 

mumonly accepted Mces of performance developed which cauld be used to 

profile the capabilities of a Meoperator vehicle/manipulator system, 

including factors of physical s ize ,  strength, speed, accuracy, 

repeatability, versatility, reliability, etc. One worries  wfiether even 

terms such as accuracy, repeatability, linearity, and so on are used in a 
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camaoa way within the ammmity. No me is askirrg for rigid 

star&mUzation, h t  s a m  CCnrmyJnality a m  tests and measwes appears 

to avoid great waste and h r e a m t i c  chaos. 

D M e X D e r i m e n t a l -  isansbetweenastroMuts& 0 rmins hands-on 

inmandteleaDera tom, & 0 rmirra either in  direct or 

~ i s o m - c m t m l l e d  fashion, nust be done on a naxch mre extensive and 

scientifically controlled scale, m a l c h j  use of both the manipulation 

theory and the generic performance reamres to be developed. These 

exper- should be p e r f o m  f i r s t  on the grcxlnd in laboratories or 

neutral buqancy tanks, much as A k h  (1987) has begun, then in space on 

shuttle f l i g h t y  (e.g., EFSE v j r m t s )  , and eventually on the space 

station itsel 

A number of topics have been pruposed, a l l  seen as critical 

for the developmt of needed teleoperator/telerobotic capability for 

future space station an3 related missions. 

the areas of: 

!these have been presented i n  

(1) telesensilq ( w i t h  the longterm goal of telepI72sexe) t 

(2) actuation ( w i t h  the long term goals or versatility and dexterity) ; (3) 

CaputePaiciirg in ~ i s o x y  cmtrol ( w i t h  the long term goals of 

pmvidhq better sinnitation, planning and failure detech 'on tools, and 

telembots d d ~  are reliable and efficient in time and energy) ; (4) 

mta-theory of maniplation ( w i t h  the lang-term goals of understanding I 

evaluation, and best relative use of both human and machine resaurces). 
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Telembutics, as much as any other reseamh area for the space 

station, has direct transferability to the non-govermmt sector 

for use in mamfactxrm, cmstmction, minirrJ, agriculture, nredicine and 
other areas whi& can imprwe our nation's productivity. 

557 



Akin, D. 

1987 Ongohx~ at MIT. 

Bejczy, A. K., Brawn, J. W. and Iewis, J. L. 

1980 Evaluation of %mart" sensor displays for multidinrensional 

precision -1 of space shuttle remote maniplatur.  

O f  the 16th W m  on Marnzal -1. MIT, 

Cambridge, MA, May 5-7. 

Bejczy, A. K., Dotsan, R. S. and M a t h ~ ,  F. P. 

1980 Man-madne speech interaction in a Weoperator emimnmnt. 

Proceedir#softhesJmDos ium on Voice Interactive . DOD 
Human Factors Grcup, Dall-, T X ,  May 11-13. 

Bx&s, T. L. 

1979 : a  0 the 

Interact om. SM thesis, cambridge, MA: W. 

carker, K. and Rejczy, A. K. 

1985 Recent adnnces h telepresence technology develcpnent. 

proceedinss of the 22nd mace conures 9. Kewledyspacecenter, 

FL, April 22-25 

558 



F d l  , 
1965 

1966 

Ferrel l  , 
1967 

W. R. 

Remte manipilation with transnissian delay. 

MJnran Factors h HFE-6, 1. 

IEEE Transactions, 

Delayed force feedback. Fp. 449-455 h I3mm.n Factors. October. 

W. R. ard Sheridan, T. B. 

supewisory control of mmte mnimation. IEEE Swztrum 

4 (10) : 81-88. 

Goertz, R. C. and -, R. C. 

1954 E l e c b p k a l l y  cmbmlled d p u l a t o r .  Pp. 46-47 h Nucleonics. 

1982 AutcrpMted Tactile senshq. International Jaurnal of Rabatics 

Research 1(2):3-32. 

Heer, E., ed. 

1973 Remtelv Manned Svstems. PaSadeM, CA: California Institute of 

TeChIIOlOgy. 

Jacobson, S. 

1987 Oqo- reseamh a t  the LJniversity of Utah. 

Johnsen, E. G. and Corlk, W. R. 

1967 Wearsera tors and Human Ausmen tation. NASA SP-5047. 

559 



1972 

M. - 

A F o m  Reflectb JovStick. Master's Thesis, Deparhnent of 

Mechanical EngineeAng, MIT. 

Mc6her, R. S. 

1964 IXlustrial manipulators. Scientific American 211(4) :88-96. 

Noyes ,  M. arul Sheridan, T. B. 

1984 A novel predictor for telemanipulatim thmugh a time delay. 

Pmcedhs of the Annual conference on Manual Contml. 

Field, CA: NASA Ames Research Center. 

Moffett 

Paul, R. P. 

1981 Robat Manimlators: Proararmruna ' and control. Cambridge, MA: 

MIT Press. 
a 

Raju, J. G. 

1986 An experhn td  nraSter-Slave manipulator system t o  shdy the 

feasibility of operatopadjustable inpdmce inremte 

d p u l a t i m .  m-Machinesvstems Laboratom Memo 86-1, MIT. 

Rosebomqh, J. B. and Sheridan, T. B. 

1986 Aiding human operators with state estimates. Man-Machine 

flrstenrs Laboratom Ret30 rt. MIT, July. 

Sal-, J. K. 

* 1986 ongo- a t  the MIT AI Laboratory. 0 560 



1984 An Ootical Tactile Sensor for Mani?xlatorS, Robtics and 

Inteurated Manufacturing l(1) :65-74. 

Strickler, T. G. 

1966 Desim of an orjtical Touch Sensirrcr svstan for a Remote 

Manimlator. SM thesis, Cambridge, MA: MI". 

Y o e r g e r ,  D. 

1982 supemisory control of Werwater l'elemanimlators: Desiun and 

m i m e n t .  P h D t h e s i s ,  Cambridge, MA: MI". 

561 



D R A F T  

uwreme Stark 

- 
MOT FOR DISTRIBUTION 

ATIRISUTIOH 
OR PVOTATlM 

university of California 

Berkeley, California 

562 



lNIRomcrIm 
"REE S- RESEARCH DIRE(XICNS 

SPACE SATIm TASKS 

PRoEIms INTELmaKmcs 

w=- Set-up for -axis Pick and Place Tasks 

€ma Arm Simlator 

Helmet Mumted Dkplay Design Muthkion 

Head orientation sensors 
E D  Display 

CRT Display 

Trajectories of Joystick and Maniplator Movenmrts 

Acceleration Cmtml 

565 ,c&3 c S^d$ 90 JOT msr3 
PRECEDING PAGE BUNK NOT FlLMED 



566 



The definition of telembotics (TR) has not yet s tab i l ized  nor made 

the sta&ird l i s h  larrguage dictionary. I tend to use telerobotics as 

meanirq remote contml of robots by a human operator us- supenrisory and 

sane direct contml. Tl~us, this is an inportant area for the NASA 

e v o l v h ~  spa- station. 

with visual or other senses. 

gY mbot, I mean a dpulator/mability dwice 

1 do nut name maniplators, as in many 

industrial aukamtian se t -up ,  rabots even i f  they can be flexibly 

pragrammed; rather call- these programmable maniplators. 

labaratory a t  the University of California, Berkeley, has been involved in  

cxlr uwn 

problems in display of informatian to the human operator, in problems of 

control of remote maniplatom by the human operator, and in canmudcation 

delays arrd bandwidth limitations as i n f l u e n c ~  both -1 ard the 

display. A IMnber of recent miews have appeared with discussions of the 

history of telembotics beginning with nuclear plants and urderseas oi l  

rigs. 

I believe that we s h a d  engage in triplicate or three way planning. 

It is impartarrt to carry out our resear& to  acccarq?lish tasks (i) w i t h  man 

alone, i f  possible, such as in EVA (extravehicular activities), (ii) w i t h  

autanoarous rabats (m), and (iii) with telerabatics. By ccrlnparirrg ard 

carrtrastirg the research necessary to carry out these three approaches, we 

may clarify our present problems. (See Table 1) 
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lhere areproblems using man alone. ?he space environment is 

hazardous. 

quite adequate cost figures obtained froan the demmstmtion projects that 

have already been acamplishd with the shuttle program. 

a higher quality of performance than man alone can pruvide in tenns of 

stJ=Fwb res- t o  fatique, vigilance, and in meeting special 

problems. 

flexible dmqes of the l imbs ,  then a great deal of strength is used up 

just in maintaining posture. 

It is very expensive to  have a man in space; NASA must have 

W e  may also need 

For ample, i f  the space su i t  is not of cmstant volume under 

pmblems w i t h  autanaarous mbots lie in our not havhq mastered the 

technology to Wild them and have them perform satisfactorily. T h q  are 

not yet available! 

certain hcks feasible they w i l l  be, especially in te rm of 

reliablity. 

Indeed, designs are not yet fixed and it is nut 

and 

Therefore, we can see t ha t  telerabotics is a viable 1e;ldirrq edge 

technology. However, a l l  three directions shcplld be intensively pnsued 

in  research am3 dmelapnent, especially for the next stages of the 

evolvhq space station planning. 

SPACE STATION TASXS 

One of the major roles that NASA can play is t o  hypothesize tasks for 

~n this way e regarding the Wign of the evolving space station. 

telerabats to acccq?lish these tasks can be guided. 

gmups of tasks see Table 2. 

For a list of seven 
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As I will-cansider later, it is important to dbtbqw& ' betweenthose 

tasks unique to the NAsA/evolv~ space statim and those with ''ixalstr i a l  

d r i v e r s 1 1  that will aocaplish developent of new technologies in hopefully 

a superior fashim and thus enable conservation of l i m i t e d  NASA resaurces. 

F h k  I overview problems in telembtics: those displays, 

vision and other senses (Table 3) and those deal- w i t h  Crmtrol and 

cammication (Table 4 ) .  

In ea& table, I start w i t h  basic properties of the human operator and 

end up w i t h  planned capabilities of autancnmus robots. In between, I try 

to cover what knowledge exists now in our field of teleraboti cs. 

-dmntal Set* for mree-Axis Pick-and Place Tasks 

A teleoperatim simulator amtrwbd w i t h  a display, joysticks, and a 

c a p t e r  enabled three-axis pick-d-place tasks to be performd and 

VaricIUs display and crmtrol -tiom evaluated (Figure 1). A vector 

display system (Hewlett-packard 134%) was used for fast vector draw- 

and updatixq w i t h  high resolution. 

jaysticks were miainly used, al- i n  one experiment a force joystick 

w a s  used to cixpare with a displacement jaystick. An ISI-11/23 CCBnprter 

w i t h  the -11 aperat- system -ter was cmnecki to the joystick 

outpts through 12-bit A/D converters, and t o  the vector display system 

thrmgh a 16-bit parallel 1/0 port. 

~n our exper-, displacement 
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A ~ i & - g m s e n t a t i c m  on the display screen for three-& 

pick-and-place tasks included a cylindricdl maniplator, objects to pick 

up, ard boxes in  which to place them, all  displayed in pempective 

(Figure 2) .  S i m e  perspective projection alone is nut sufficient to 

preserrt three-dimensional infomatian an the two4lmm ' i d s c r e e n f a  

grid represent- a horizontal base plane and references lines Mat- 

vertical separations frna the base plane are also preserrted (Ellis et al.,  

1985; Kim et al. , 1985 sukdtted). ?he human Operator Cantrolled the 

maniplator on the display us- two jaysticks to pick up each object w i t h  

the maniplator gripper and place it in the co- bax. One hand, 

us- two axes of ans joystick, -1s the gripper positicm for the two 

axes parallel to the horizontal base plane (grid). The other hand, us- 

ans axis of the other jaystick, cmtmls the gripper position for the 

third axis (vertical height) perpendicular to the base plane. 

an object is accanplished by tauchirrg an object with the maniplator 

gripper. - ' , placirrg an abject is accmplished by tauchirrg the 

correct box w i t h  the maniplator gripper. 

Pi- up a 

In ad3iticm to the cy1irdrica.l maniplator simlation, the kinematics 

ard ayMmics of a six deqee-of-freedan ~uma robat ann were simlated. 

Each of these d!agmes of freedenn bmre omtrolled su- ly  us- two 

jaysticks. Although ry) v i m e n t s  have yet been perfornedwith the prma 

sirnulation, it is hapea that it will be a step tcrward atperimerrts w i t h  

more caplex manipulators. A law-bandlwidth telephone Connection to 

control two Puma arms a t  Jet Prqulsicm Labs i n  Pasadem is planned. The 
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simlation w i l l  a l l a w  prediction of the rabots' motion to pmvide a 

preview display to help overc;rrme the cammication delays inheren t i n s u d l  0 
a law bandwidth connection, or as i n  tr i a n s t o d p u l a t o r s i n  

space. 
a 

Helmet Mounted Display Design 

Mativation 

'Ihe mtivatkm of the HMD system is to prwide the human operator With 

a telepresence feeling that he is actually in  the mwte site and controls 

the telexraniplator directly. ?he HMD system detects the human operator's 

head motion, and contmls the remote stereo camera acmxdirqly. 

current system, the remote telenmipulation task envimment is simlated 

and the pictures for the display are generated by the carqxtter. 

In our 

Head Orientation sensors 

A -axis magnetic Helmholtz coil anmqemerrt w a s  used as a head 

orientation sensiq device, to detect horizontal and vertical head 

mtations (Figure 3) .  

remDta stem0 canera are contmlled in acaorddtlce w i t h  the horizontal and 

assumciryJ that the pan and tilt angles of a 

vertical head rutations, respectively, the ccarp-uter generates the 

co- stem0 picture for the HMD. The head orientation sensing 

deviceisccanposedofasearch (sensing) coilmruntedonorbeneaththe 

helmet and two pairs of field coils fixed with respect t o  the human 

operator's control station. The right-left pair of the field coil 
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generates thehorhmtal magnetic flux of a 50 KHz square wave. The 

up-down pair of the field coil generates the vertical magnetic flux of a 

75 KHZ square wave. Ihe seamh coil detects the halted magnetic flux, 

which is amplified and separated into 50 and 75 KHz CcBllPQnents. The 

magnitude of each frequenq capnent depends upon the orientation of the 

sea.nA coil w i t h  respect to the co- ' field coil ( I x l f f y ,  1985). 

ICD Display 

An early configuration of the HMD had a flat-panel E D  (liquid 

crystal display) screen (a camaxially available portable XD television) 

nmnted an the helmet for the 

quality of the XD screen was 

topoorwntrast. 

display (Figure 4) .  Hmever, the pi- 

poor due not only to lw resolution but also 

CKT Display 

AnewdesignoftheHMDthatkecurrerrtlyhave, mcxnrtedapakof Sony 

viewfinaers (Model VF-208) an the helmt (Figure 5 ) .  Each viewfhkr has 

a 1-inch CEF (cathode ray t u b )  screen and a canverging lense thruqh 

which the human operator views the CKT screen. The CCBlpX1+PrcCenerated 

stereo picture pair (stereogram) is displayed on the CRT screens; one for 

the left eye and the ather for the right. 

virtual b g e  of the stereogram behind the actual display screen. When 

the CKT screen is 4.2 can apart frogathe lens whose focal lerrgth is 5 cm, 

the virtual image of them screen is formed a t  25 cm apart freaathe lens 

with an h g e  magnification of 6 .  Thus, a 1-inch CKT screen appears to be 

The conve@rq lens fonns the 
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a 6-inch scmm to the v i m .  A t  appropriate g-id and optical 

&ti-, the right and left images overlay, and mst people can fuse 

the two fmages into a smle -imal image. The stereoscopic 

display formulas used to generate the stereogram for the helmet munted 

display are described in references (Kim et al., 1987). 

Mechanical Design 

Five degrees of freedan were pmided for the nmchasn 'cal adjustment of 

the position and orientation of each viewfinder, allcrwirrg three orUmpml 

slidings and two rCrtatbns (Figure 5 ) .  A 1 Ib. c#untertaeight was attached 

to the back of the helmet for Caarterbdlancirrg. 

ccnmmication Delay and preview 

ccnmunication delay is a significant COTlstraint in human performance 

It has been shown (Sheridan et al, i n  contmlling a remte maniplator. 

1964, Sheridan, 1966; Tcxuizuka and Whitney, 1976) that preview information 

can be used to imprWe perfo-. Stark et al. (1987) demmstnted that 

preview can significantly reduce errar i n  tram experiments w i t h  

impasea delay. 

Experimnts perfo- to investigate whether a preview display 

A smle cmld improVe performance h pick-and-place tasks w i t h  delay. 

bright diamnd-shaped cursor was added to the display to represent current 

joystick position. 'Ibis was a perfect p d c t i o n  of what the end effector 

position wmld be after the delay hterval .  Thus, the task was the same 
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as if t2mre - no delay, except that the EB3 had to wait one delay period 

for ~ i m a t i m  that a target been e or correctly p l a d  (in 

the mpreviewed display, the target letter was doubled when picked up, 

and becans s-le again when placed in the correct box). 

miew inpruved performance a t  delays up to 4 semnds so that it was  

almst as good as for a small delay of 0.2 seconds (Figure 6 ) .  While task 

capletion tirne in the delayed condition inmeas& greatly w i t h  W Y ,  

there was only a small increase in the preview case. 'Ibis is because the 

€3.0. rmuSt CQnPensate for delays by us- a 19nove-&dt1g Strategy, 

making a jaystickmvenmt and w a i a  to see the resultant and effector 

rmvement. ~nthepreviewcase,thisstrategyisonlynecessarywhenvery 

close to the taryet or bax to wait for confirmation that the goal has 

position and rate contmls are the M c0pl111l~l manual contml PlDdeS for 

cmtrol lhg t e l d p l a t o r s  w i t h  joystkks (or hand cmtrollers) (Johnsen 

and Carliss, 1971; Heer. 1973) In the position contml the joystick 

caaronard indicates the desirea end effector position of the manipulator, 

in  the rate contml the joystickcamand indicates the desFred end 

effector velocity. 

In  our three=axb pick-and-place tasks, the human aperator controls 

the manimator hand position in  the mbot base Cartesian coordinate by 

us- three axes of the two displacemnt joysticks. In  p re  (or ideal) 
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Censtant~GpforeachaXis .  I n p l r e r a t e C o n t m 1 , t h e ~  

transfer functim is a single integrator Gv/s for each axis. 

rate control, a 5% dead-band nonlheariw is htmdwed before the p m  

integrator in order to inhibit the drift  problem associated w i t h  the pure 

In the 

integrator. 

ccanparisan of Pure positim and Rate ocatrols 

Ihree-axis pi&-and-place tasks were perf- w i t h  bath positian 

and rate -1 laodes for variam gains (Figure 7 ) .  ?hs m omQl&iOsl 

time plot clearly shows that pi&-and-place performme w i t h  position 

Cantrol (man ampletion t h  2.8 secords a t  %=2) was abcnrt 1.5 t i m e s  

faster than that of the pure rate control (mean ccnnpletion time 4.3 

In order to ewmine wkry the position contml perfom& better than the 

rate cxlartrol, several trajectories of the joystick displacenmt input and 

the maniplator hard position c4;ltplt durirg the pick-ami-place operation 

were abservad. Typical trajectories fropa the start of trying to pick up 

an cbject to its accmplidnmit were plattea to  illustrate position, rate, 

ard acceleration controls (Figum 8) .  

(side-to-side) are plotted,  since^ CCBnpanents for the other two axes are 

similar. -tion of several trajectories indicates that a precise 

C a p m n t S  only for the x-axis 
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re-positim of the maniplator hand is achieved by a ambination of 

quick step re-positicning operatiosls and slow Qllooth mavemerrt operations. 

In position -1 me quick step re-positioning of the maniplator hand 

fm one position to another requkes one joystick wl or w operation, 

 ereas as in the rate control it requires a pair of operations; 

p~U-and-m or m-d-pll operations (Figure 8 ) .  T h i s  is a major 

reasan wsly the position -1 yielded better performance than the rate 

cosrtrol for our pick---place tasks. It shauld be noted, however, that 

the pick-and-place task is a positicning task. 

target w i t h  a constant velocity, then velocity (rate) cmtrol wdld 

perform better. 

If the task is followhq a 

Acceleration oorrtrol 

-axis pick---place tasks were also tried w i t h  acceleration 

control. It turned aut, -, acceleration control was not adequate to 

perform stable, safe pick-and-place operations. In acceleration control, 

themaniwator tends t o m e  almost all the time even though the jaystick 

is a t  the center position. Note that in plre rate control, the 

maniplator does not nuve when the joystick is a t  the center position 
' 

regardless of previws history of the joystick displa-. 

Mean mtpletion time did not change much for the various gains tested 

(Figure 7) ,  whichmeans that the human operator adapted w e l l  to the gain 

change (McRuer et al., 1965; Yaurrg, 1969; Stark, 1968). Bath lower and 
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higher gains relative to the uptimal gains caused slight haease in  the 

mean ccqletim t h e .  A reasan of slightly longer mean capletion times 

w i t h  1- gains is because lower gains demard wider  joystick 

displacements and it takes lorger for the firqer or hand to displace the 

jaystick wide r .  A reason for slightly 1 q e r  mean capletion tines w i t h  

higher gains is that higher gains demardmremirarte joystick 

displacenmts, d e g m i u q  ' effective resolution of the joystick control. An 

additional major reason for longer mean ampletion times w i t h  lower gains 

for the rate cmtml is due to the velocity l i m i t .  

Force Joystick 

Ihe two cmmn joystick types are the displacement and force 

joysticks. Ihe out@ of the displacenent joystick is pmprtional to the 

joystick displacexmt, whereas the 0utp-t of the force joystick (iscmmtr ic 

or s t i f f  joystick) is pmportional to the force applied by the human 

operator. 

minute joystick displacements (a few mimanetem) in CQntraSt w i t h  the 

displacement jaystick (a few centum ' tem). 

Ihe altvantage of the force joystick is that it reqires only 

Pick-and-place tasks were performd for plre position and rate 

cmtmls with displacemnt and force joysticks. Ihe exper- results 

for two subjects (Figure 9) shows that in the rate corkml, task 

performance w i t h  force joystick was significantly faster than that w i t h  

displacenmt joystick. ?his is mainly because the force joystick senses 

the applied force directly, requiring only very minute joystick 

displacements. In the position control, the force joystick 
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performed no better than the displacement joystick. ~n fact, all three 

subjects preferred to use the displacement joystick in this mde, since 

the force joystick requhed more force to be applied than the d i s p l a m t  

joystick, especially 

away fran the initial center position. 

betterthantheratecontrolregaxdlessofjoysticktypes,&fwthemore 

the position control w i t h  the displacenmt joystick perforired best for our 

pick-&-place tasks (Figure 9). 

a 
the maniplator hand is to be pit imed far 

position control also perfom& 

Resolution 

Ihe experimental results -te the superiority of position 

control when the telemanimator has a sufficiently small work space 

(Figures 7, 8, t 9). 

in this exper- hplicitely assumes that the maniplator work space is 

small or a t  least not very larye, since our task allows the human operator 

to perfom successful pick-and-place operations w i t h  a display shwiq the 

e r r t h  work space an the screen. Examples of small work space 

t e l d p u l a t o r s  can be faurd in -ear reactor teleoperatom, surgical 

mi-telerabots, or small dexteraus telembotic hands. 

can also be ut i l ized  duriq proximity operations in conjunction w i t h  the 

f o m r e f l e c t b q  jaysticks for enhamed telepreserm (Bejczy, 1980) 

When the t e l d p l a t o r l s  work space is very larye as CCBnpared to human 

aperatorls control space, position control of the entire work space 

suffers fm poor resolution since hunran aperat0rls control space nust be 

greatly upscaled t o  acccmmdate the telemanipulator's large work space 

(Flatau, 1973). One way of solving this poor resolution pmblem in 

Nate that our three-axis pick-&-place tasks used 

Fusition control 
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po6itku'I control is us- htkxirq (Johnson and Corlh, 1971; Axyonne 

Nathwil Lab, 1967). 

stick gain is selected so that the full d i s p l a e  rarrge of the control 

stick can cuver only a small portion of the maniplator work space, and 

large memnts of the manipilator hard can be made by successive uses of 

an indexirrg t r i g g a  matrrted 001 the control stick. N o t e ,  hammr, that 

rate control can inherentl y pruvide any higher degme of resolution by 

mere d m q e  of ccmtml stick gain w i t h o u t  use of indexhq. 

' In the indexes position Ccnrtrol mde, the con-1 

Most of our pick-and-place and tram experiments were performed 

w i t h  jaysticks as the h p t  device thrmgh whi& the human operator 

cmtmlled the simulated manipilator. 

joysticks are n o n - w r p h i c ,  so that the movements he lIlllst make to 

produce a desired maniplator response do nut match the m e  of the 

d p i l a t o r  end effector. Dms, he nust mentally convert the desired end 

effector postion to Qrtesian coorrlinates and use the joysticks to input 

these coordinates. 

?he operator's mJvements when using 

To attengrt to study mther a t r u l y  h-xphic input device cmld 

imprcnre perfonname in tracking tasks, an apparatus of identical form to 

our s-ated cylirdrical maniplator was built. A vertical rod was 

supparted by bear- on the base to allow rotation, theta. 

cumtemeighted horizontal arm was attached to the rod w i t h  sliding 

A 

to permit mtation and translation in  the r ard z axes 

resped.vel.y. The human operator cmld control position thrmgh a hardle 
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an the end of-the arm oorrespcndirrg to the end effector of the simulated 

d p u l a t a r .  RAenti- lneasured muvenmt in each axis to determine 

inprt r, thsta, and 2. The IsI-11/23 ccanplter read these values thKxagh 

A/D channels and displayed the manipulator in the identical position. 

haeam@c controller and with joysti- for gains varying fm 1 to 5 

t o  c~llpare p e r f o m  (Figure 10). The results do not show a significant 

difference between the haneum@c cantroller and jaysticks wer the 

ramp of gain values. Althulgh the 1aqerllWmm.b requhd for the 

hcanemo@c controller, with gmater inertia and friction than the 

jaystick, may have limited perfoxmnce, lm believe that human adaptability 

minimizes its advantages. 

~ r a i n h j  by optimal control -le 

A shplified slmnulatian of the manned  maneuver^ d t ,  MMV, embled 

study of trairdq of human Cantrol performance (Jordan, 1985) Only three 

translatory degrees-of-freedan, x, y and z, were used. 

generatirq pulses of acceleratory -1 were cantrolled via a keyboarcl 

and the task was to accelerate slmnultanemsly in x, y and z to a maxinnnn 

velocity, transit to the desired nsw location, and decelerate again 

simultanemsly. ? t ~ o  displays were used - a perspective display of a 

minified mcdel of the MMV, or two t u o 4 m n s i d  projectors of that mcdel 

with a small inset of the perqecUve display. 

'Ihrusters 
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Subjects generally perfomd poorly durimj the few humired seamds 

all- for the tasks (upper panel, Figure 11). 

the subjects to view this cosltrol prablem carried out by a s-le optimal 

cuntrol algorithm (see middle panel, Figure 11). 

ensiderahble help and several subjects then p e r f o m  &te w e l l  (battam 

panel, Figure 11) 

It was decidea to  allow 

T h h  exgeriace was of 

‘Ihis experiment, leadng-by-exanple, illustrates a strategy that 

perhaps may be effective in more amplex and realistic tasks as w e l l .  

A-M 
 his next section deals w i t h  the future, and especially w i t h  QIlflAmH 

llj&u&r ial drivers” &her than 

requhed in the evolvimj Space Station. In Table 5 I list nine capmnts 

for new technologies w h i c h  may be 

of a tel- ‘cssystemthatcxtalnl ’ yseemtobedrivenbyimpartant 

industrial hardware m t s ,  xeseamh and developmt. Therefore, it 

seems -le for NASA to sit back and w a i t  for and evaluate these 

develapnents, saving its resames for those necessary techrnlogies that’ 

w i l l  nut be so driven. 

a t  these figures gives us some concept of haw industrial 

developnent may pruvide various types of technologies for the evolvimj 

Space Station; ixked, NASA may be able to pick and choose from 

off-thedmlf i t e m s 1  For example, the most pmerful capters on the l a s t  

space shuttles were the hand-held portable CcBnpUters that the astronauts 
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b r a r g h t a b o a r d w h i c h ~  ' rauch greater capability than the o n - M  

caaptters; tho6e hadbeen frQzen in  their design ten yeans ago in the 

plannhq stages for the space shuttle. 

m e r ,  there are several areas in telerobatics that may likely not 

be driven -y of NASA, or where NASA may have an important role 

to play. 

Space Station h3ge-t shculd be used for AutaaMtion and Ftcbotics 

Irdeed, the ccqress has specifically mardated Wt 10% of the 

dewlopent, andthatthisinsamesenseshmldspearheadindustr ial 

rabotics in the United States (Table 6 ) .  

I nowwmld like to make a plea that NASA shauld expanl and stimulate 

telerabotics research con3wbdwithin the university envimment . Of 
caurse, as a professor I may have a bias in this direction and I am 

w i l l -  to listen to ccartrary arguments! 

the research acccglqplished by universities, NASA also gets the education 

In addition to the benefits of 

and training of new errginedng manpwer specifically directed tawards 

t e l m c s ,  and focused on the evolvhq space station. 

what kLna of university gggi ettucatianal reseaxhshmldbeAndedin 

general by NASA. I believe there are t w  levels of cost ( w i t h  hmever 

three directions) into which these educatianal research labs shauld be 

classified. 
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(i) First are Shulation Telerobot ics Laboratories. Here we need 

m= CQnpUters, perfiaps j c rus t ih ,  perhaps hirprer level supervisory 

cmtml larquages, cameras, image ccanpression techniques and cmnmication 

schemes. 

systems for education ami trainirrg. 

hexpensive, appmximately $50,000 ea&. They need nut even be paid for 

by m, since universities can pruvide such resear& simulation 

laboratories cut of their educational higets or frrzn d l  individual 

reseamh grants. 

A good deal of a p l o r a t o ~ ~  research can be carried cut hapensively in 

this manner. 

I wmld guess that uur country needs a t  least thirty such 

These systems shauld be very 

Our Telembtics unit a t  Berkeley has been thus m. 

(ii) s m ,  we need Telerobatic Laboratories w i t h  phvsical 

manimlatom present as important research myments. In this way, 

experiments w i t h  varims rabatic raaniwatom, especially those w i t h  

special cuntml characteristics such as flexibility, hcarreoanorphic fom, 

a 

new developmts in  graspers, and variable impeaance controlmodes, ather 

thanarefaundinstandardindustr ial manipiLatOrs, wmld be possible. 

guess that 

develapaent a t  major universities in the camtry. 

eStimate that these laboratories a a l d  ea& use an init ial  devel- 

h4et  of $300,000 to enable them to prchase l~cessary han%mre in 

addition to software as existent in  the Simulated Telerabotics 

Laboratories. 

I 

are abcut five such laboratories in saane stage of 

I wmld further 
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Another set of M y  laboratories wmld be Tel- 'cs Laboratories 

WithYmKJteaDera torinu vehicles (m. Here again, we need about five 

laboratories a t  universities w i t h  f i rs t  class engineer- schools. 

I estimate abaut $300,000 each for the initial hardwam support of these 

mv labs. They cmld then study transfer vehicles, local Space Station 

vehicles, 

ccoltrolled vehicles. 

win, 

Rcnrers, and arm CQmPare MMU vs. tel- ' C  

The university laboratories WClLiLd contrast w i t h  and serve a different 

function than 

&her gcnresrrment laboratories. 

demmtratian and feasibility studies. Then unfortunately they a m  

SQILehQw unable to carry mt careful human factors research deal- w i t h  

the chaxqing design of such pieces of equiprent. In the university 

Setting, this apparatus cmld be taken apart, changed, m i t a l i z e d ,  

modified and the flexibility wmld infonu mr current capability. 

like to cmtras t  the Gossamer -r ard ~ossarner Albatross w i t h  the NASA 

program. It was  clear that i f  Mccreadywas ever to be successful, he had 

to M d  an e x p e r m  plane! which was expecbd to break duwn each 

exper- day. But the plane cmld be repaired in a few minutes! 

aerospace in3ustr idL laboratories, and NASA and 

'Ihese lat ter aSSemble hamhmre for 

I wmld 

?his 

"laboratmy bemh" conoept is so different from twmty-yeaMhead-planning 

CurrerRly controlling am space program that has been effectively 

eliminated a t  NASA. 1 think it is inportant to r e m  

ready field laboratories back into the space program. 
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NASA PRIZES 

Another role that NASA might play is to offer denmstmtion cantracts 

or, even better, pr izes  for acccmq?lishmmt of specific tasks. Again I 

turn to the ~ ~ e m e r  Prize; here a private individual donated prize money t o  

be awarded to the first  to build a man-puwerd aircraft confordrq to 

certain carefully laid aut specifications. 

Ccmmnication channels for oaatrol lm rezlrote vehicles and rearate 

manipulators are already set up. 

dmmstratiTlq a t  differing locaticm~ on earth a t  me "get; next 

damstratians us- elerslents capable of aperating i n  space, or even mre 

stringently, of having that mininnrm mass capable of being lifted into 

space; and then m might have true shuttle and space station 

demmtrations. 

lzrus w e  cuild have prize OcMteStants 

Finally, I wuld like to leave yau w i t h  the thcught that the list of 

--by-N?SA pmblems in Table 6 contahs p ~ a n y  inrpOrtarrt 

intellectual preblems facing the area of telerabatics. Althmgh these 

areas are being approached in our aanmmity at  the present time, 

it may nut be pcssible to forsee what novel kirds of challerrges w i l l  face 

the evolving space station in years. Even though I may not predict 

accurately, Icertavll ' y h c p e I a m t h e r e i n p e r s a n t o w a t c h t e l ~ i c s  

play- a major role in aperaking the space statim. 
585 



Ihe Merobotic, TR, system is a simulated distant rabcrt with vision 

and manimator and/or mobility subq&em controlled by a hunm operator, 

KO. 

sensors and other sensory displays, Le. auditory, force or tactile. His 

cantrol can be direct via joysticks, or supervisory via COnmMld and 

cantrol primitives effected by partially autonmcus robotic functions. 

Delays and bandwidth limitations in cmmmkation are key problems, 

Ccanplicatm display and control (Stark et al., 1987) 

Ihe H.O. is infomed mainly by a visual dimlay, but also by other 

class exper- mabled OUT Telembotic Unit a t  the University of 

California, Berkeley to explore in a nuraber of reseamh directions. Ihe 

HMD direction has nm been greatly extended and is a major focus in  OUT 

laboratory. 

to be a pmductive project to continue because of the adaptability of the 

On the other hard, the hamecmrw>rphic cantroller did mt seem 

H.O. to  many configurations of control. Also, OUT intereSt in rmpervisory 

and other high level wntmls is 1- u s  away froan the direct mmal 

control. Ihe sftdents taking a graduate control cume, ME 210 

llBiolog~cal Ccmtml  S ~ ~ ~ I U S :  Telerabatics,ll d u r i q  the f a l l  semster, 

1985, in d& the helmet rmxtnted display, HMD, is enphasized, were 

enthusiastic and fel t  the CCIU~SB M a t e d  their creativity and pruvided 

an upportunity for them to ergage in relatively unstructured laboratory 

work - a good model for mbeqmnt thesis research. 
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TABLE 1 Triplicate Planning 

problems w i t h  man alone 

Hazardous envi.mnmnt: 

(space similar to nuclear plants, unaerseas) 
Expensive (i.e. EVA in space) 

Need 

problems 

kxeased quality in 

S t r e J T m  

Fatigue resistance 

Vig i lance  

performance 

w i t h  AutonameRls 

Not yet available 

Design not fixed 

F e a s i b i l i t y  nut certain 

Reliability not tested 

-fore: is a viable leadiq edge technology 

All three directions shauld be supported for evolving space station 

planning, research, anddevelopent. 
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e TABLE 2 NAsAshcruld w i z e  TASKS for Evolving Space Station 

protection 

-spaceP-w 

 man meteorites 

Ftcan traffic f lw  

satellite 

VehicleS 

space station itself 

Additional space station - 
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w- 

Crystal gmwth, biqhnnaceutids 

Mobility 

Auton-atic pilot- 

Navigathn 

Path Plannirrg 

Scientific 
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-ive and Stereo Displays 

Task performance criteria 

Human Operator (H.O.) Fkrfonnance 

Fatigue, effort, vigilance 
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WXYtic vision 

mv - u.lip6 

MLV - blockworld and hidden lines 
mv - ICM, AI 
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Basic properties of H.O., especially for EVA task performance 

Nerve, mscle, =/AT mdel 

Sampled4ata (SD) and adaptive control 

prediction, preview, optimal control - Kalman f i l ter  

H.O. control of vehicles, lMlnzal -1 

H.O. contml of TR 

H.O. special Cantrol: 

Preview, delay, bfiateral, w r p h i c  control 

Navigation - pathmys 

potential field algorithms 
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Hu: (Mgh le!vel ccgltrol): 

supervisory -1 

Wltipersa cooperative control; RCCL; fuzzy sets 

mtoncmxs mbotic (AR) control 

sensory feedback, adaptive -1, A I  
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TAEU3 5 Drivers other than NASA for N i n e  Needed Technologies 

Robatic Manilnilator control Scheme 

-- and Mobility 

Military, tanks and other vehicle plans? 

UnaerseaFav-oilandCaarmanu 'cations Industry 

Lrxxgnotian - University Research 
shipping Industry: ship at sea [AI?, TR, Man] 

Entmrtainment Industry - carmrrercial device 
security Industry 

Need maartS, controls and motors for PAN, TILT and for Stereo TH; 
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industry is a better driver than caipani~  

F l i g h t  Sinailatom; 

- HMD as an -le. 
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camnatnication- 

Ccnnmmicatim Industsy is huge 

ships at sea 

EN ccanpressian 

ReJwte Oil Rigs 

kctic Stations 

-- Plans and hrotocols Combat LO. Fatime and to Pramote LO. Visilance 

O f f i c e  Autarnation Forces 

Air Traffic -1 N e e d s  

-iw - 
Ccmemtive control 

Mi- flight control 

Air traffic contmllers 

Nuclear industry 

Chemic2ll plant industry 
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TABU3 6 Areas Sparked by NASA not Industrially Driven 

V i s u a l  for G r a p h i c  Display 

Telepresence w i t h  Stereo Helmet Mounted Display (HMD) 

Worry abaut H.O. overload cosditian 

(especially w i t h  cooperative control and communication) 
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special Cmtml Bbdes for H.O. 

-c ccmtml 

Bilateral -1 

Time delay and preview Control for t h  delay 

canpliant corrtrol 

(such as RCCL; fuzzy CorrtrOl; path plannhq by potential field 

-on) 

Remute aperating vehicles (mv) special wntml pmblms: 

Navigation, orientatian, obstacle avoidance for F U N  

coaperative -1: 

Cooperatkm amoqst humans, telerabats, and autanarmouS robots 
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Wepresence and supervisory cmtml technolqies, as Professor 

sheridan pointed it aut, represent admmments or refinements of existing 

teleoperator technology capabilities. 

driven by ard re ly  upon haeased CClIlpxEter and ccnrput- capabilities and 

are regarded as fllbstantial contributors to evolving space station 

capabilities in the sense of reducing astraMut i rnrolvmt in 

assembly, servicing and mainteMnce operations. Momer, both 

technologies caxry the p d s e  of substantial spin-ff for advancing 

capabilities of the U.S. prpductiaDl and service industries. 

Bath techmlqies are strongly 

Professor Sheridan and Professor Stark -ted and elucidated marry 

specific topics and issues in sensirq, -1s and displays for 

telepresence and supervisory control d c h  need research attention to 

advance the state of the art in the two technologies. In my discussion and 

canmen&, I would like to fuxs attention an the sanm research topics and 

issues froan the followiq viewpoints: 

can we expect the 

telepresence and supervisory control? 

(a) In what sense and to what extent 

of hman aperator capabilities thmugh 

(b) What specific &tiom and 

canstrairrts a m  inpcsed by the space application avimnment onthe 

evolving wepresence arrd supervisory control tcK.hnologies? (c) The 

nailtidisciplinary nature of the requird researrh effort since neither 

telepmseme nor supervisory coatrol are intrinsically separate science or 

engineerirq disciplines. A brief description of the basic objectives of 
619 



telepmseme an3 supemkiory contml technologies may help illuminate the 

questiam that arise from the above three viewpoints. 
a 

The basic objective of telepresence techmlcgy is to alleviate the 

ham operator's sense of renrateness in the ccoltrol station by providirrg 

sufficient information to the operator on the activities of the remte 

machine i n  usable form. 

heavily aepenaS on human capabilities under given conlitionsf on the 

?he wntent of the las t  attribute "le form1t 

capabilities and characteristics of m a c h h e s  to be controlled, and on the 

nature of tasks to be accaplished. Also inplied i n  this technology is the 

operator's enhanced control respome ability to the pemeived remte 

events. 

speak - a mre intimate, sensitive and high fidelity ingut  and mtpt 

connection betwem operator and remte machine. 

Briefly, telepresence technology is aimed a t  providing - so to 

?he basic objective of supewisory contml technology is to provide 

sufficient capabilities for the human operator to tell the remte machine 

what to do and, eventually, haw to do it, without involving the aperator in 

cooltinwus cantml coordhation of a mltitude of ma- actuators needed 

to execute a task (note that a dual-am system wntahs faurteen ormrti 

actuators). Thus, in  aprv i so rymode  of control, the operator controls 

the task instead of controlling the individual degrees of freedom and 

associated actuators of a rmilti4qree-of-freedan caplex machine. 

in this  technology are two inportant technical capabilities: (a) flexible 

autcmation of actions of a ati-f-freedau caplex mchanical 

system, and (b) flexible languagelike or menu=- hter face to, or 

interaction w i t h ,  the autaaaated m x h m  'cal actions of a mmte machine. 

Implied 
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Several notes &xld be added to the cbjective descriptions of 

telepmsexe d supemisory Control technologies. 

eliminates the human aperator frwn the aperation, but bath m e  the 

aperator's function assignmnts and enplay human capabilities in new ways. 

semnd, both technologies p d s e  the perfonname of mom tasks w i t h  better 

results, but, in doing so, both technologies also make a close reference to 

human capabilities of operators WLO w i l l  use evolving new devices and 

F i r s t ,  nom of them 

techniques in the control station. Thhd, both telepresence and 

fllpervisary control ~ l c g i e s  make reference to evolving capabilities of 

other technologies like sensing, high performance c q x t e r  graghics, new 

el- 'cal devices, -based flexible autamation, expert 

systems for plannirrg and error recovery, and so on. Thus, the progress in  

bath technologies are tied to rich multidisciplinary activities. Fcxlrth, 

both technologies require the evaluation and validation of their d t s  

relative to the application envhxmmt. For space station scenarios, this 

inplies the effect of zer0-g on human operatom, restricted local resumes 

(like pwer, work voluns, etc.) for a control station in  Earth orbit, 

l i m i t e d  ccmumication bandwidth ard sane cammication time delay between a 

control station and remb machines, fragile and sensitive ~ t u r e  of space 

systems a telecperatnr machine will be working on, changes i n  visual 

conditions i n  Earth orbit relative to visual conditions on Earth, and so 

on. 

 he above notes, tcgether w i t h  the objective description of 

telepresence and supe~isory cantrol technologies, motivate a few important 
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First, the high fidelity, human opexator referenced, xnan-machine 

capling - hardly worked an in telepresace technology - suggests we 

revisit o r p h i c  machine technology. 

revisit is not a declaration of s c m ~  intrinsic cptimality of 

anthropcnnorphic machines, but a recognition of their potentially easy and 

natural interface to human opexators to physically extend the rich human 

manipulative capabilities, embodied in the dexterity of the human hand, to 

renrote places. 

operator's hand cannected through bilateral control to a amtmllable 

mechanical replica of the human hard equipped w i t h  scune sensing 

capabilities. 

CXBnpanent technologies needed for the dwelopent of this anthqxmrphic 

machine are considered. 

'Ihe primary reason for the 

one may visualize a baddrivable glove-type device on the 

T h i s  vision may not seem too strarrge when capabilities of 

secord, the performance of nonrepetitive, singular or maqecbd 

teleoperator tasks in space may benefit fm the devel-t of shared 

nmwd and automatic ccnrpxtter contxol tedmiques whenever amlication 

scenarios permit their use. 

attributes of human operators and CCBnpzter control under restricted 

conditions. 

These techniques intend to ccanbine the best 

Thkd, the operator is facing a very rich environmnt in the control 

station in tenus of decision, axunand, control and information processing 

even with - epmsence and supervisory control capabilities. me 

to the nature and tim Scale of activities in  t e l d p i l a t i o n ,  the 

operator's mental status and readhem can be CCBnpared to an airplane 
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pilot's -mal situation durhq take-off or landing. 

proliferation of -1 and information har ibre in the aa3ltrol station 

doesnotsenreth+3bestinterest of the human operator. The mre CXIItlputer 

technolcgy is enplayed at the control and information interface in the 

control statim in a clever way, the better off is the human aperator t o  

make control decisions efficiently. 

Thus, 

Fourth, the R&D effort for arhmtkchq telepxesence and supervhzy 

-1 technologies shmld be acccQlpMied by systematic work on developing 

a human factors data base and mcdels for 

results of these evolving technologies. 

' and utilizhq the 

It is apprent f m  the nature of 

these wolving technologies that the limits or limitations rest not so nu& 

with the technologies themselves but with the human capabilities to absorb 

ard use these technologies. 

Fifth, final evaluation and validation of Mepresence and supervisory 

contml technologies for space station naturally require experiments and 

manifests in space whenever human perception, decision, cmtml and other 

activities are influenced by space conditions. 

research and developent tools, and they can pave the way towards 

perforxnance evaluation and validation. 

true space coditions on Earth for developbq a human factors data base and 

HlDdels in tel- and supervisory aantrol technologies does nut seem 

feasible. 

Simulations are useful 

Wrt a ccanprehensive simulation of 

Professor Stark make a strong case for NASA-University resear& in this 

axma. Tbe benefits of NASA-Univemity connections in human factors 
623 

a 



research in t b  field of telepresence and supervhry control can indeed be 

manifested th raqh  past and present -1es. Particularly appeal- are 
0 

cases when graduate students carry out the ex??erimental part of their 

thesis research a t  NASA-supprted, Unique laboratories like ARC, JPL, JSC, 

and so on, or when students spend scane mrking time a t  NASA laboratories as 

cooperative students or as acxdeanic part-time enplcyees working on topics 

related t o  their university studies. 
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OR ~UOTATION 

SESSION 5 :  

SYNOPSIS OF GENERAL AUDIENCE DISCUSSION 
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'Il.le first question was focussed on a camment, made by professor Larry 

Stark, that wide-field-of-view displays are particularly needed in flight 

sirdators. The question was prefaced with the suggestion that this is a 

limiting technology for anyone who is interested in robotics applications 

in space, where (a) the location of the observer is likely to be m i n g ,  

and (b) the observer needs to be concerned, not only about the orientation 

of the object being manipulated, but also about his or her crwn orientation 

with respect to same laryer coordinate range. It was noted that there are 

sane state-of-the-art wide filed of view displays that cost millions of 

dollars and proposed that same kird of research to lower the cost of 

wide-field-of-view displays might be in order at this point in t b .  

Professor Stark replied that, h this opinion, wide-field-of-view 

technology is very hprtant. He provided the folluwhj -le: 

0 When people lose their wide field-of-view (e.g., have tunnel vision 

due to scnne neurological disease) they find that they can read and 

their visual acuity is 20-20; they find, however, that it is hard 

for them to merely walk through a dooxway because they are lacking a 

functional flow-field, the lateral and vertical expansion 

flow-fields, which are directly connected by primitive 

n-pathways to the vestibular system and are coordinated in the 
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foculaus of the cerebellum as shown in same brilliant studies by 

Jerry Sinpson and other neumphysiologists recently; the lateral and 

vertical expansion fluw-fields give us our orientation. 

o on the other hard, when people lose their foveal vision while 

retaining their flcw fields, they are legally blind (with a vision 

rating of 20/200) ; they may not be able to read, howevex, they can 

still walk through roams, get into a car, and drive (patients 

say - IlYou h o w ,  Doctor, I can drive very well, I just can't read 

the freeway signs, so I don't lawrw when to get off''). 

Professor Stark cmcluded that, when people are doing same tasks 

(manipulating, inspecting) they need foveal vision. 

abaut within an area) they may need a wide-field-of-view. 

In other cases (moving 

The human visual 

. system is a dual system -- we have both - and it should be possible to 
design same- (perhaps using hexpensive TV cameras) to provide 

wide-field-of-view for gross movement tasks, and high resolution (like 

reading glasses) for manipulation tasks. 

The seCax3 question was dhected at professors Sheridan's camment that 

there is yet no good way of describing (or representing) the process of 

manipulation. It was suggested that samething like the notation system 

used by choreographers, to represent ccnrrplex dance motions, might be useful. 

in this context. 

Professor Sheridan agreed that lllabanotationlt (dance scoring) or . 
mical scoring (which is mre thomughly developed), is the kind of thing 
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t ha t  might beuseful - given a substantial amuunt of additional 

developlent. 

nutation, w a s  the fact that, for a given instrument, the range of 

manipulations (speed or fingering) is fairly constrained. 

oneprablemdiscussed in relation to the use of this type of 

~n teleaperations and rabatics nranipulations, the notation system would 

In  have to be able to cope w i t h  continuous geamtry, hyperspace, and t i m e .  

this type of manipulation, cansiderations include: multiple degrees of 

freedan (six degrees of freedan for any object, plus mybe the six 

Wivatives, plus the six accelerations - and that is just the beginning) 

and multiple objects/capmnk in motion (vhen three or four things are 

moving in relation to one another you inmediately get into a twelve or 

twenty-four dimensional space and pmblerns of dealing with trajectory in 

state-space to describe a manipulation). 

a notational schem which is both sufficiently complex, and sufficiently 

ccrmprehensible, to be useful. 

It is a very big order to develop 

Professor Newel1 noted that the pmblern of telepresence (generating a 

feeling, on the part of a renrote aperator, of %eing t h e r e 1 1  a t  the work 

site) is an htem&bq -le of a situation where researchers are 

workkg w i t h  only a seat-of-the-pants notion of the UIYlerlying concepts. 

He suggested an immense need for a theory and a plausible model of 

p- - a theory of what h a m  to humans (and why) when they 

llpmjectll t h d v e s  to a remte work site. 

professor sheridan suggested caution in the use of of terms like 

rrproject oneselfll. He noted that it might be possible to project oneself e 628 



thmugh drugs, or sam other n&hod, which would not be particularly 

helpful in  tenus of perfonnance. 

control of" a remote operation might not require a feeling of %eing 

there" - that telepresence by itself is not the goal - it is really 

In addition, he suggested that %eirrg in 

performance that makes the differmce. 

lhese caveats nutwithsbnhq ' , professor Sheridan agreed that the 

development of a Cognitive theory of p- wrxlld be a highly desirable 

goal. 

Mixray and others in image rotation, etc.). 

He suggested that lpieces of it are lying arrxmdlt (e.g., the work of 

Professor Stark suggested that Yeleprojectiontt is a very natural 

n. 
bat, that he or she as an aperator/tool user is able t o  lvprojectlt 

kinesthetically and visually to the end of the bat. 

people autmatically develop models for activities that they do on a 

regular basis (e.g., picking up a pen, usirrg tweezers), and suggested that 

persons operating remote equipmt (e.g., a robotic arm 200 miles away) 

would develop the same sorts of mdels - as long as there is s c m  sort of 

causal relationship between their behaviors and the behavior of the renub 

system- 

~e noted, for -le, that tRren an athlete swings a baseball 

He pointed out that 
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In conclusion, one shauld note that telepresace and supervisory 

control are not mutually exclusive. 

cmtrol. The supervisory control language, for example, represents only 

one abstract operator ouwt interface to the remte system. 

perceptive element in supervisory control, that is, the infomtion h p t  

to the operator froaa the remote system, should be in the form of 

Telepresace is needed in supervisory 

T h e  

telepresence tlframesll in order to help the operator to detemme ' t h e  

necessary abstract c!amwtb. 

We shCRlld also note that telepresence has bath qualitative and 

quantitative aspects. 

for stabilizing a control situation. 

The qualitative aspects of Mepresence are useful 

The quantitative aspects of 

t e l e p ~ a m n o t w e l l u n d e r s t o o d  (asinaicatedbyccnrtrol 

aqerhents). 

active force feedback to my hand, then I am stable - but I have a poor 
quantitative Perception of the acting forces. 

values of the acting forces on a display simltaneuusly with the active 

fome feedtack to may hand, then I am stable and reasonably good 

quantitatively. 

considered in creating telepresence capabilities. 

For instanCe , when I am working in a force field, and I have 

H u w w e r ,  i f  I show the 

This type of cross mdal reference shauld also be 
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SESSION 6: 

paper: Karen cook, University of W a s h b g t m  

Paper: H. Artirew Michener, University of W i s c o n s i n  

Discussant: Oscar Grusky ,  University of California 
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of Sociology 

University of Washingtan 
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STRESS, INDMDJAL PERFORMANCE AND GROUP FROIXJ- 
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D R A F T  

sheer caplacity of the space station program is murn1e 
the mird of any academic trained in a s-le discipline. 

station design requireS the ultimate in interdisciplinary w r k  and 

Certainly, space 

integration of basic and applied pmgrams of reseamh. 

project demands knowledge and insights not easily produced in an isolated 

In this sense, the 

discipline, be it erg--, aeronautics or sociology. It is a 

chal lqhx~ task and one that s h a d  call forth the best efforts of those 

tcuched by the allure of extending the boundaries of human knowledge. 

For a sociologist there are a myriad of reseamh prablems which ccane 

to mind in evm a culso~y glance into the WirrdaJ of the future as 

envisioned by thcee currently planning the space station program. 

Clearly, a wide range of processes and factors nust be taken into account 

when consider- the mre social aspects of this enterprise. These 

include technological constraints, mvixonnmtal pressures, physiological 

l i m i t s ,  psychological pmcesse& (including cognitive capacities and 

motivational factom), and the many interfaces between  an^@ and machine 

= w i = d b y - - -  ies of human and technological 

forcesinspace. suchintenseirrterdependenc iesinthisextmnearemuch 

less often oberved on earth (with the possible -ion of certain 

deal - i n  d c h  l i f e  is tenmusly maintauzed ' by- 

technological support). 

635 



Given this reality, one Cannot extrapolate easily f m  what is known 

about society as we experience it on earth and "life aloft.Il It has even 

been said that humans may a very different species while in space. 

anilarly, social systems which emerge to support and maintain life in 

this context may deviate alaq many dimensions f m  those social 

structures and processes that are a part of ~1111: daily existence and often 

so llrouthell that they are taken for granted. Nothing nust be considered 

as llrcutinell in a novel envirwmnt . 
what we transport fmn earth in the way of social, psychological and 

organizational adaptive mechani glls (e.g. 

expectations, roles, etc.) may pmve IEhlch less functional than we 

envisioned given a capletely altered social and technological 

envhnment. Because we have virtually no scientific evidence wncemhg 

the parameters of life after eighty-four days in space (that is, there is 

no U.S. 

and extrapolation despite the potential pitfalls. 

It lllllst be Said at the outset that 

norms, rules, shared 

experience to rely on), one is forced to engage in speculation 

readirrg of the documents we have been -lied with cc#lceming the 

space station program in the 1990's and beyond and my very limited 

expcmre to NASA thmugh a two-day symposium, lead re to several tentative 

conclusions regardirrg the most critical social conthqencies (besides the 

issue of conflict addressed by Michener) confrmrtirq NASA as it plans for 

the 

limited apportunity for replacement or exit. 

include the social and psychological mgement of stress ( m e s s  of 

theMture0fthestressors)anddeterrmM ' tion of the most efficient and 

duration existence of groups of individuals in space with 

W critical contingencies 
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socially productive ~EC&UU 'sms for handling in- camnarnications 

(e.g. w i t h i n  the crew, between crews of different modtules, and be- 

the crew and the llgrand," inclm family members and friends). 

successful Inanagement of both stress and interpersonal caslara;mications is 

critical to individual and grauplevel perfonnance, pmductivity and 

ultimately, 19nission success." While there are many other issues which 

cmld be investigated profitably fram a sociological Perspective, the and 

space l i m i t  the scope of t h i s  first foray into life as currently 

envisioned on space stations. 

The 

Stress has been identified as a contributing factor in the etiology of 

Certain acute and chronic illnesses (e.g. ulcers, high blood pressure, 

heart attacks, nervous disturbances, etc.). 

have cansequences not only for the health status of individuals, but also 

for individual perfommce, decision-making and productivity. 

respect to space-related research Faushee (1986) states that an important 
godl is llto understand and minimize the effects of acute an3 long-luration 

stresses on grcup ftmctionimg.1~ Although there is enormous literature on 

the effects of stress on individuals, researchers have been slow to 

address the impact of stress on gruups. -re, the bulk of the 

exist- mearch examhes the physiologic and psychological consequences 

of stress. 

particular the stresses created by social factors (Pearlin, 1982). 

Another limitation to existins resear& is the tendency for investigators 

especially in experimental work to focus on single, isolated stressors. 

It has been demnstrated to 

With 

There is nu& less work on the antecedents of stress, in 
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'his work is extmmely impOrtant, lxrt it does not hfomus abmt the 

interactive ard/or d a t i v e  effects of multiple stressors. 

DefiniIq and Measuring stress 

'Il.le mst ccarmysnly cited definition of stress is ~ a n s  %lye's, Ithe 

nonspecific, that is, ccammn, result  of any demand upon the body, be the 

effect mental or somatic.11 In the tradition of mseaxch initiated by Selye 

(e.g. 

is referred to as the "general adaptation Syndroane" (GAS) or Ifbiologic 

stress syndroane.f* It consists of an alarm reaction biologically detectable 

in  such organs as the adrenal gl-, thymus, 1- nodes and stcnnach, 

followed by the stage of resistance acccanpanied also by marked physiologic 

rspmes, then the stage of &ustion a t  w h i c h  point Selye argues the 

acquired second-stage adaptation is lost. 

1936, 1956, 1974) this 9esult1@ or reaction of the body to Stress 

other researchers enpshasize the significance of the %ognitive 

appraisal1! of stressors (see Breznitz and Goldberyer, 1982, etc.), noting 

the importance of the %ubjective, pheMmneraological experience of stress1I 

which lies between the stressor and its effects. 

stress incl~& reference to  cognitive appraisal, others, l ike Selyels, do 

not. aurerrtly, there is no agreed upn definition of the term an3 

exiSthq differences reflect major unresolved theoretical debates in the 

field. Thmgh they disagree on the significance of Cognitive appraisal, 

researchers do agree on the CoBlPlylIl godl of understanding adaptations to 

stress or the nature of capbq mechanisms. bfuch of the current reseamh 

Same definitions of 

focuses upon specifying the nature of thesemechani sms. Beforedisc=ussing 
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adaptations hmwer, let us examine the problem associated w i t h  the 

measurertrentofstress. 
e 

variaus apprcaches have b e a  adopted to the problem of measuring 

stress; nom of them ccqletely satisfactory. 

awroaches to measuremerrt, p o p l a r  over the past two decades because it 

can be applied autside exprhmntal setthqs, is the lllife-eventsll scale 

(e.g. Holmes and Rahe, 1967) or the e f i e d  life-events scale 

(Dohmmmd and Dchmmmd, 1974a, 1974b). Life-events typically mean 

%bjective everrts that disrupt or theaten to disrupt the individtualls 

usual activitiedl (see and D&mmend, 1974b:133, 1984). 

Events listed on .such scales include both health-related (onset of chronic 

illness, major illness or accident, etc.) and non hsalth-related events 

One of the most c a m m  

such as dim-, separation, increase in family inccm~, retirement I death 

of a spause, pregnanq or remarriage, etc. 

cogent critique of the life-events approach). 

(see Thoits, 1981, for a 

The main debate in this research tradition has been mer whether or 

not only undesirable events contribute to stress or whether events that 

require change either desirable or undesirable produce stress. 

has been referred to as the Ymtal change" approach to measuring stress, 

the fonaer, the Wn%sirabili~@ approach (Wits, 1981). Wits (1981) 

identifies several studies suggesting that only the undesirable changes 

significantly affect stress levels, dlthuugh she goes on to critique these 

studies as well as many of the total change studies for failing to include 

independent indicators of their independent and depemlent variables. 

The lat ter 

H e r  

findirrgs also suggest that When health-Mated events are controlled, 
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other urdesirsble events have small and nonsignificant effects upon 

psy&ophysiological distress I1 (as measured by reports of -tic 

symptms using the Macwllan Health *inion survey Index). ?he main 

conclusion she draws relevant to  current mseamh is that llpreviously 

well-established correlations between mesirable events and distress may 

have been inflated due to the aperational c o n f e  of health-related 

i t e m s  on the independent and dependent variable scales.lI A major 

w n t r h t i o n  of new resear& on stress would be to refine exist- 

measures of stress and t o  develop mre sensitive and reliable - 
techniques. 

Laboratory research enpluys quite different methoaologies than survey 

research, however, as Holmyd and Lazarus (1982:26) point Cut, I l l a b  

paradigms in biological science have tended to isolate stress respmes 

fram the psydmlogical and social context.11 Thuugh problem 

are reduced in this way, little knowledge is gained cortcernirrg the 

interplay of @ysiological, psychological and social nwharu 'sms. Holmyd 

and Lazarus (1982:30) call for "field research that examineS Stress in the 

mchcsocial wntattl and more descriptive work on the sources of stress 

I f t h a t  operate in naturalistic settings.tl The space station envirwrment is 

a %~iturall@ laboratory for this type of resear&. 

Wtiple Stressors i n  Space 

The reality of space station existence includes the potential for 

continual and intennittent expoare to mlt iple  stressors. In this regard 

it is not a t  all clear that much of the existing research, except that 
64 0 



done in anal- envirarrments, can be extrapolated to apply to the space 

statim. 

envirmmrerrt is likely tobe at the high erd of exist- scales, and qu i t e  

possibly off the scale. 

~Yll contain insights of direct relevance. 

Both the number and the magnitude of stressors in the space 

only reearch in rare, high stress situations 

saurces of patential stress in space stations include sensory 

deprivation, envimmmtal factors like noise level, amding, spatial 

arrarqements, and invasion of privacy, as well as isolation, cunfimmnt, 

and the possibility of life-threateniq dangers or crisis situations. 

Nickerson in his chapter for this volume includes in the category of 

potential stressors: Weightlessness, unfamiliar motion, motion 

restriction, sensory and perceptual restriction as well as sleep 

interference and acute d c a l  problems. 

variety and intensity of assigned tasks, and workload, etc. may also be 

stressorS in the space station environment. Cooper (1983) indicates that 

in many work envirmrmentS work or job overload is a major stressor. 

is some indication that workload intensity and t h  pressure were factors 

that contributed to the pmblems experienced by crew members aboard the 

Skylab 4 Mission. According to Holrayd and Lazarus (1982:24), Itthe 

individual who is canstantly challerrged by even relatively innocuous 

occupatimal anl social deman% and who is, as a result, repeatedly 

mbilized for struggle may be particularly vulnerable to certain disorders 

(Glass, 1977) .)I Given the duration of planned space station missions, the 

d a t i v e  physiological, psychological and social inpact of intennittent 

Work-related factors like 

There 

and continual. expoare to multiple stressors must be hestigated. 

0 
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Another significant factor in space stations related to mltiple 0 
stressors is the recognition that the stressors will be pmduced by quite 

different types of events and forces. stressors may be produced bath by 

the astraMut's home environment , to the extent that s/he has information 

abaut significant events occur- on earth (e.g. in the lives of his/her 

close relatives and frienaS, etc.), and by life aloft. Within the space 

capsule, factors wntributbq to stress are em- ly induoed 

result- in bath physiological ard/or psychological distress as well as 

socially induced , created by factors associated with the in- 

enviroment, especially the intense in- of the crew members. 

Since both physiological and psychological factors have been given more 

consideration in the existing literature, I will enphasize the social 

forces likely to inauce stress. 

Identify- Socially hroduced Stressors 

outside of the life-events tradition and reseamh focus- u p n  

occupational stress (e.g. 

investigations of stress pmduced by interpersonal factors in small gmup  

Settings (Wine and scatch, 1970). Patential causes of stress in 

settings requiring intense interd- am~ng g m u p  rrpmbers include 

basic -ity conflicts, inampatibilites in inbrpersonal orientation 

and style, an inefficient or inequitable division of labor, a lack of 

perceived legitimacy cancernirrg the allocation of leadership 

Cooper and Byne, 1978), there have been few 

responsibilities or authority, the inequitable allocation of individual or 

collective rewards, lack of a clear definition of role or task 

responsibilities, uncertainty mgamhng ' the timing, coordination or 
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sequenciq of' M a w  tasks especially when ~ynrhrrrm 'zation is a critical 

factor, and the axbitrary or hmmpriate exercise of authority or 

influence (i.e. violating role prescriptions or mnns cancerning the use 

of private tinre). Many of these factors have been demnstmted to have 

significant inpacts upon group functioning in non-stressful situations and 

may or may not be exacerbated in situations of high stress. Resear& on 

mountain-climbing teams indicates that under periods of high stress many 

of these problems beccane extremely salient and in scm~ cases result in 

aborted to reach the sunnnit. Interpersandl conflicts a- to 

be a major problem for many expeditions especially when the goal of 

readxiq the summit is highly valued by all and where there is a great 

deal of uncertainty about adeviq the goal. Connors (1985:147) also 

notes that in sirnulation resemh, %embers of isolated d confined 

groups who were inccmpatible shcrwed haeased stress, withdrawal, and 

temitorial behavior. It 

Many of these potential stressors have nut been examined in the  

context of group eunctianing primarily because the predcaninarrt modelin 

this area of inquiry has been one of individual Punctionhg. I will 

more upon the limitations of such a perspective in a subsequent 

section of the paper. 

Monitoring Stress 

mated to the prablem of measuring s t n s s  and identify- the 

antecedents of stress is the pmblem of monitoring stress. uhabtrusive 

mechanisms for monitoring stress at both the individual (physiologic and 
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psychological) level and the grarp level. need developrmt, given the 

potential deleterious 

and gmup functioning. An important bypmduct of .such rmnitoriq is that 

it will give us sane insight into the interactive and d a t i v e  inpact of 

various stressors. Furthermore, it w i l l  enable us to address issues still 

Llnderdebateregardvlg the extent to which the effects are linear, 

curvilinear, or approxifiate a step-function (or threshold function) 

may also be the case that  the effects of certain stressors are 

ampensatory given that not all the effects are potentially negative. 

positive inpact of stress has been given little attention in the 

literam. 

of high levels of stress for individual 

It 

The 

perscoldl CtlaElcteristiCs, a e w  ccanposition and stress 

As several authors have sugyested, the "right stuff#@ may be the %mng 

stuff1' when it ccanes to the selection of crew 

have the necessary technical and professional skills, but w i l l  also have 

the psychological and social ccnnpetencies required for the creation of 

effective interpersanal relations and relatively QIlooth group functioning 

on space station 19nissions.11 Accordhq to Biersner and Hogan (1984:495), 

veterans believe that I f s o c i a l  ccanpatibility is as important as technical 

skills for -1 Antaxetic adjustmentll to isolation. 

will becme even more critical as a basis for selection and tra- in 

the future as envisions shorter tra- periods for same astronauts 

(e.g. ?he potential for 

ccmmrcial joint ventures with NASA not only incseases crew hetemgeneity, 

but also means that space station members i n  the U.S. lllDdUle w i l l  i n  

who w i l l  not only 

Social capetence 

teacher and -snmbers in  space programs) 
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all likelihooil nut have the benefit of intense NASA tra- (and 

selection) 0 

a 
Irrtriguing by Helmreich and his colleagues (e.g. Helmreich 

et al., 1980) on this basic tapic Suggests that at least one 

characteristic typically associated with the "right stufftt constellation 

of traits, 

proauCing 91y3oth gmup functiw depmduq ' uponthemixofpersmmland 

their traits in any particular crew. As Connors (1985:155) notes, 

Helmreich et al. 

accmplishment and social ccanpatibility will be best served if crew 

nmnbers shm a strurq work and mastery orientation, but relatively little 

ccnnpetitiveness, may be dysfunctional for 

(1980) %hypathesize that the d i n e d  interests of task 

cxanpetitiveness. 

under stress 

Resear& of particular interest toNAsAisthe-onthe I 
relationship between stress and decision-makhq which McaW that the 

experience of stress generally interf- w i t h  psycholcgical p- 

related to effective decision-rnakiIq. J d s  (1982), for example, reporb 

the follcrwirrg zeactims associated w i t h  stress during decision-making: 

(1) 

(2) reduction in pmblem-solving capabilities, 

(3) oversight of long-tam -, 

n a r m w h ~  of attention span ard range of perceived alternatives, 

(4) inefficiency in information search, 

(5) premature closure, and 

c - 3  
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e ( 6 )  with' intense fear, there is also tmporaxy loss of perceptudl 

d t y  ard percePtual=mtor coordination (Wfy, 1962). 

Evidmce further sugyests that acceleratw time pressum hmeases 

t3e probability of these reactions, althcugh clearly more research is 

needed on the tapora l  aspects of stress reactions as well as situation 

specific/inaividual difference interaction effects. 

certain situations are likely to respond differently both to stress and to 

the demards of the decision-making task.) 

(Inaividuals in 

Janis (1982) also specifies five basic patterns of decision-makirg 

under stress. The first four patterns in the list represent Wefectivetl 

patterns of response, the fifth is the term Janis uses for the lllD6t 

adaptive response pattern. 

include: 

Observed patterns of respome under stress 

(1) unconflicted inertia 

(2) unconflicted change 

(3) defensive avoidance 

(4) hypervigil-, and 

( 5 )  vigilance. 

Of the fur defective respome patterns, hypervigilance is fcrund to be 

the dCaninant reaction under corditions of high stress or near-panic. As 

J d s  (1982:77) notes, %xcessive alertness to all signs of potential 

threat results in diffusion of attention...one of the main s o w  of 

cognitive iraefficiency whenever becanes hypervigilant, ard it 
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pmbably a- for same of the failures to meet the criteria for 

effective decision-makiq.~~ Results also suggest that other problems 

emerge in hi@ stress situations. %losrg with cognitive constriction 

there is a marked tendency toward stereatyped thinkhq in tenns of 

wersiuplified categories and reliance on wersiuplified decision rules1* 

 anis is, 1982:78). 

hypervigilance occur- in stressful situations: 

the failure to react to early warnirrgs) and defensive avoidance (e.g. 

pxmrasthtion). prlaitional factors identified by Janb  as associated 

with the 

members or other support persons, lack of perceived control and lack of 

Tm conditions appear to enhance the pmbability of 

unconflicted inertia (or 

of hypervigilance are the lack of contact with fdly 

preparatory informtion abaut potential stressful events. 

The prevention of l1defective1' patterns of resp~se in t h r e a w  

situations has focused in recent years upon sweral strategies inclw 

%enign p- to the threatenirq situation, stress inoculation via 

preparatory ccmnunications~l and nrious types of relaxation techniques 

designed to mitigate physiologic reactions (Jads, 1982:82; see also, 

J d s  et al., 1982). Feearch on these techniques and the extent to which 

they are successful under specific chxdzmes continues. Extrapolation 

to situatims likely to be encauntered in space stations must be done 

carefully. 

less effective in the face of mltiple stressors. Again, further researcrh 

is needed. 

prablems associated with decision-makbq in highly stressful contexts. 

&am tedmiques may be effective for single stressors, but 

certainly, hawwer, this research gives us scane clues as to 
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A Cannmt on the Limits of Medical and psychological Models of 

Stress: 

pmblan often cirwrascribes bath the nature of scientific inquizy as well 

as conceptions of po ta t i a l  solutions. mus it is not surprising that 

medid resear& on stress terds to examine primarily physiologic response 

patterns and the inpact of drugs on the functioning of the individual 

ur ikyoing stress. 

emotional factors, a c a m h h g  individual differences associated with 

cognitive appraisals of stress and reactions. % solutions they wnsider 

include biofeedback, stress ~linoculationll, and various types of individual 

training and therapeutic techniques. All of this research is necessary 

since the problem entails both physiologic and psychological dimensions. 

What is missing, haever, fman nu& of the current work is the 

investigation of the system properties of stress and examination of 

solutions to the pmblems created by mltiple stressors at the grcrup or 

collective level (also sametimes called the system level). Inquiry of 

this type wxld examine the interpersonal dynamics related to stress 

responses and adaptive strategies rather than treating the problem purely 

frrmn an intraindividwl perspective. Adoption of an interperso nal or 

system level perspective would lead to quite different conceptions of 

adaptive medmdsm . In Oonnors (1985:146) words, IIGiven that future 

missions w i l l  require increased levels of cocrperative functioning, 

selection an3 training pmcedwes must nut only yield effective 

individuals, they must yield effective groups.11 

The Unaerlyhg frammrk a researcher adopts to the analysis of a 
a 

Psychologists similarly focus on cognitive and 

The dminant characteristic of space station missions in the near - 
future involving 6-8 crew mmbers maroQned in space for approximately 
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ninety &Y - 9 of the high degree of intertleperdence almq the group 

( a x l  possibly between gnxp in different lpbdules at som point). 

stressors which significantly inpact any single group member will, of 

necessity, influence gmup functioning - even if it simply entails the 
reassignment of duties or tasks for brief periods of time or temporary 

isolatim of a group menber. In addition, group nmnbers may be inpactel 

similarly by stressors ard thus collective solutions should be explored. 

Strategies might be developed, treating the group as a social system (as 

Michenerdoes) of interdependentpartsardgrcRlpmembersInightbetrained 

in specific msponse patterns through a division of labor. 

roles could be assigned such that each atterds to a specific problem 

associated with inefficient decision-making under high stress. 

member might be assigned the task of vigilance with respect ta only 

alternatives, another to long-term consequences, etc. 

might be achieved either by an assigned group leader or sorme sort of 

ccarpxlterized decision-aide. 

For exarrp?le, 

One crew 

and COordFMtion 

Caputer-aided systems could be developed which help to meliorate 

c~mmon deficiences observed in cognitive process- during peak periods of 

stress. 

that an appointed lldevilts advocate~l be used to mitigate the negative 

cansequenees of "graxpth.mk ' . I t  They have the possible advantage that 

ttfailuretg is nut localized in a single individual (typically, the 

I t lea- ) )  who must assum full -ibility for group decisions in 

%risislt or intensely stressful situations. 

of labor also reduces the workload on any single individual under 

stress.The wrk on distributed decision-making by Fischhoff and others may 

coping strategies of this type are more like ~anist suggestion 

-re, a clear division 
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&l pruvide mnodels for this type of caping mechanisa . 
ccanpltercaided decisian-makkq shad also be explored. 

Relevantworkon 

Mediators of Stress and Adaptation 

In the words of H o l m  and Lazarus (1982:25) , "It has been 
increasingly acknowledged that health outcumes are a prcduct of effective 

coping rather than sinply a cansequence of the presence or absence of 

stress1@ Identify- factors that result in effective capins is an 

important research a g e  item, huwever current investigations foc=us more 

on drug therapy, biofeedback and llcc&tive-behaviordl" htemmtians to 

d f y  reqones to stress and facilitate caping. ?he social and 

organizational management of stress, as noted above, has not been 

examined. 

physiolcgically focused mnagement strategies, but even they have not been 

evaluated extensively. 

-logical approaches take us one step beyorxi- 

wins - ' and adaptation respo~lses form one axis of current 

research, the secord axis is extensive work on factors that I?nediatev1 the 

stress reqonse. 

natanlytoSUSC@3b ' ility, but also to cognitive appraisal arxl effective 

such factom include inaividual differences which relate 

caping. variables emorprated into these investigations are ethnicity, 

age, gender, ocapatim, incane, level of education, marital status, 

health status and access to social support (i.e. persmal resmmes and 

network supplied reswmes), among athers. Access to social Support, for 

example, has been demonstrated to mitigate scm of the effects of 

stressful events (e.g. Caplan and Killilea, 1976). Mh& of this work is 

useful for general medical and scientific prposes, h t  caution nust be 
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exercised a w i n g  to generalize these fhdixp to astronauts and 

the spa- station envircKmrent . ?he range of variation on sane of these 

variables is quite restricted in the astrunaut poplation, althaqh 

increashq hetemgeneity must be assumed along many of these dimensions 

(&.e. gerder, age and ethnicity) in the future. 

Research 1inki.n~ gender to stress, for example, indicates in a variety 

of studies that wcmm are more susceptible to stress (e.g. Kessler and 

McRae, 1981) ; given certain levels of stress they report higher levels of 

distress as reflected typically in syrrpltolrrratolcgy (primarily 

self--*). d i m  by Kessler ard M Z e d  (1984) documents 

that wcmm tend to be more affected by undesirable life events than men 

even though they do not r e p r t  significantly more such events. Kessler 

and McLmd (1984) present findings that indicate that women are more 

vulnerable to ltnehmrkl1 events, events that h a p  to significant athers 

in their nehmrh, than men, and it is this difference that accuunts at 

least in part for previausly observed sex differences in reqmwes to 

stress. mus, argue that waren are not Itpervasively more vulnerable 

than n m  to stress,tt but Milnerable specifically to stress linked to the 

important people in their lives as a result of their Ikjreater emtional 

involvemmt in the lives of those around themtt Belle (1983) refers to 

this fact as the tlstress of caringtt. 

There are many unanswered questions cc#lcerning the link between gender 

and stress. The extent to which female astronauts are more vulnerable to 

stress than male astroMuts is an open question. 

studies include in their samples women in such high stress occupations and 

Few of the existing 



it may well b& that wmen with high capcities for ccping with stress 

self-select into these ocarpatians (e.g. 

mcx;lrrtain climbers). 

reportirg =-related stress differences are based on sample data obtained 

in the 19501s, 1960's and early 1970's; little evidmce exists based on 

more recent data includirq sanples of wanen in mom varied occupational 

contexts and roles. 

as is likely the case for KZIEII 

It shauld also be noted that may of these studies 

Impact on Productivity: Individual and G r u u p = M  Effects 

The link between stress and pmductivityhas been dr?mrmst_rated to be 

smwhat caplex. Mandler (1982:94) argues that "the pmblan of stress is 

twofold; both the initial autonCanic signals and the conditions that 

generate these signals require so~ne conscious capacity.. .and therefore 

interfere with the perfonnance of targeted tasks.@' what is not clear is 

specifically hclw and under what conlitions performance is impaired. 

fad, as Marhiller (1982:96) indicates, like noise, stress reduces 

In 

llattentianal capacity and ~ l r r a ~ s  it to central tasks,11 *LIS if the target 

task is central, "then autmxws anmsal may irnprcrve performance.11 W.s 

depends upon both the centrality of the target task and specific 

characteristics of the task, or task sequence d c h  requires performance. 

~arly research CUI this topic seexed to suggest that there is a curvilinear 

relationship between aruusal and perfonnance such that performance is 

enhawed by llloderate levels of aruusal, but impaired significantly at both 

very low and very high levels of aruusal. ?l.le generality of this effect 

is still under debate. ManfLer (1982:95) concludes that Wnderstanding 

the relation between efficiency and stress requkes an analysis of 
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specific stm&ons , an approach to armsal that assigns it definable 

properties.. . , and kncwledge abcut the of the task.1t 

Research by Baddeley (1972) and others indicates that stress associated 

with darq- envinnmmts Ilaffects performance thmugh its influence on 

the subjectls breadth of attention...but we still do nut know what 

mechanism mediate the effect of aruusalut on attention span or even what 

is entailed in the adaptation to fear. 

Evidence suggests that prablem-solving abilities are affected by 

Stress in much the way Jank  Mcates that decision-md&q is hpcted. 

In particular, llif mch of pmblem-solving involves the dpulation in 

consciousness of alternatives, choices, probable and possible autconnes and 

-, and alternative goals, then stress interferes with 

efficient problem-solv~. 

the thought process is guided mre by habituation and stereotypiq than by 

the conscious w e i w  of alternative strategies. What is needed, he 

argues, is analyses of these processes. "Preoccupation 

w i t h  the m&resed mind has restricted exper-tal mrk on these 

prablenW (Mardler 1982:lOl). A related shortccpning is the fail- to 

considerthe social ccoltext of prablem-solviq behavior. 

resear& deals with individual tasks, not collective or highly 

Few alternatives are actually considered and 

' 

Ihe bulk of the 

tasks. 

A Reseamh Agenda: System-Level Rqxmses to Stress 

In the previous era when highly trained male pilots were selected as 

astrc#lauts on the basis of physical stanuna ' , high tolerance for stress, 
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psyclfialogicai stability and technical ccanpetence for space missions 

irrV0lvi.g relatively short-term exposum to multiple stressors in 

dangemw envhmmnts, less attention was paid to research on stress. 

fact, Mandler (1967) noted in his early studies of highly trained 

astronauts a lack of anticipated stress respanses; these men had been 

lltrained to have available respanse seqenes ,  plans and prablem-solving 

strategies for a l l  imaginable emwqencies1I thus emwqencies were 

transformed into llrrrutine situationsI1 and therefore not experienced as 

stressful. A t  this stage in the space program endurance was the primary 

focus of buth selection and trainirrg. 

were not frequently made in order to minimize envimmmtally hkiuced 

stress or to %abitability" (ClearWater, 1985). 

In 

Even space capsule design decisions 

Rre future holds forth a dfferent scenario. F i r s t ,  astronaut 

selection p- have dmlged to include non-w€lite males and 

scientific persannel as w e l l  as pilots. There is greater diversity am61.lg 

potential astroMuts in occupational training, gender, age, ethnicity, and 

persanality traits. Given this hetemgeneity and the increased cxprq?lexi ty  

and duration of space station missions, enphasis nust nuw be placed (as 

Helmreich, 1983; FaLlshee, 1984; and other social scientists have argUea) 

on the selection and training of highly captible crews especially as 

group s i ze  hcmases to eight or more in relatively snall mDdzules. In 

addition, cmly recerrtly has habitability bemne an integrated aspect of 

the space station design process. Alterations in selection processes to 

maximize crew ccanpatibility and design decisions to improve habitability 

are essential. bqredients. But as Emford et al. (1983) note in their 

chapter, Space Stationsll, social and organizational factors nust 
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also be amsi’dered. 

cansideration in this p a p :  (1) the social management of stress and 

developentof interpersanal cop- - , and (2) the socially 

efficient and productive management of in- cogmrmnications. 

specific factors have been isolated for 

w o g m m n t  of a specific research praposal is the s c ~ p e  of 

this chapter, however, research recoamnendations to NASA wmld include 

examination of existing data on crew interactions especially llllzler 

stressful. conditions to isolate effective interpersanal strategies for 

coping w i t h  stress and to identify particular interaction 

either exacerbated or mitigated stress reqmses. 

examhed in relation to individual perfoxmame, g r u q  performance and 

interpersoaal climate. Variation in interpersandl strategies by type and 

duration of stressors shculd also be investigated. 

the mission stressors may be prddnantly physiological (e.g. 

frm space adamtion siclcness or initial bodily respanses to 

mi-vity, &.) , however, as duration of the mission progresses 

psychological and social stressors may beccone more pranaunced (i.e. 

intensification of the sense of isolation and conf- fmonotanyof- 

physical etlviranment, and increased sensitivity to in- 

incanpatibilities, &.). - mbst panis- data 6ource8 for such 

w h i c h  

These data shauld be 

In the early stages of 

resulting 
e 

analyses aKe likely to be t a p  from the skylab Missions given that they 

pmide Sam insight into flights of analogous duration to planned space 

station missions. 

Another useful focus of reseamh a d  be investigation of group 

decision-making urrder stress. Wst- data cauld be mined for insights 
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into the 

(e.g. the possible occwrence of hypervigilance), in decision-makhq 

situaticms of vary* types. 

simlate graup decision-makhq wder stressful c-. One model 

far this type of resear& is the work by Faushee and his colleagues (e.g. 

of stress on predicted wgnitive and behavioral 

A separate research strategy wmld be to 

Fcxlshee and Helmreich, forvlcaarung ' )oncraJperformanceunderstresgin 

aircraft flight sirmilatiow. Again, the a h  wmld be to idmtify 

successful in- strategies for coping with mitical deficiencies 

resulti.ngfromstress. O n e p o t e n t i a l b y p ~ o f t h i s r e s e a m h w m l d b e  

identification of the charaeistics of carqxlter decision-aides which 

wmld facilitate group functim 

interdeperdence and high stress. Information- behavior, for 

example, mild be isolated and analyzed for inefficiencies which cmld be 

meliorated by the pmper use of expert system or ccnpxrterized search 

p-. As Nickersan concludes in his chapter, "Stress is likely to 

be an important factor in the space stati on...Exactly haw these factors, 

especially in canbination, will affect performance and productivity is not 

lcnown. 

cumlitions of high task 

In a 1983 NASA-ASEE final report entitled llAutoncnny and the Hlnnan 

the authors state that the Ifgeneral transnu 'ssion and processing 

of information lies at the heart of almost aspect of space station 

activity.11 over the past decade information  process^ and mnmunidAons 

have engaged mre and mre of the desiq capabilities of NASA both in 

tenus of hardware and software developnent efforts. Rapid advaxes in 
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technology make this aspect of space station design especially volatile 

and vulnerable to dzteolesence. While cost understardably plays a major 

role in design decisians, other factors affecting crew mrale ard 

productivity must be taken into account. communication mdality is also a 

critical factor in the coordination of activities aboard the space 

station. 

different mdes of ccamrmnication for within crew interactions, as well as 

for intemctions between crew 

m, and for crew interactions with significant others is mquired. 

Morale, efficiency, productivity, the potential for canflict, the exercise 

of authority and control, and, ultimately, mission ffsuccessff are all 

affected by cammication mcdality, access to information, and the 

structure of the cxnmmication channels. 

An intensive examination of the benefits and disadvantages of 

and ffgrourdff or mission control 

Cmpter-Mediated coamrmnication as hrinrary Modality 

As Canners et al. (1985) put it 'Mated camunication systems must 

be dwelaped to meet the needs of the crew t2lmugmt an extended 
rnissicm." such currmnmication systems are nat only vital to the ongoing 

mission of the space station, but may also be critical in maintaining 

social contact between station crew and graurd personnel and t hus  

contribute to the reduction in stress created by the sense of isolation 

andccolfinearent. Ma- of good ccmmnication links be- the 

gruund staff (e.g. 

members of the space station crew are essential to the smooth functioning 

of the space station. a u r e n t l y ,  one of the primary mcdalities for 

canrrmfnicatian processes is ccanputer-mediated interaction (simes and 

fcmission controlff and other base operations) and the 
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S i r s k y ,  1985); 

sane of the relevant 

interaction and decision-mkhq. other llloddlities for mediated 

ccmunication are mentioned; however, cost factors necessitate heavy 

reliance upon c m p t e r - d a t i o n .  

'Ibis section of the chapter includes a brief review of 

on the impact of ccmpter mediation on group 

studies of the E f f e c t s  of ccanputercmedited Interaction 

Siegel et al. (1986), in e x p e r m  studies Ccartrast- the effects 

of fa-face versus aapute~ndiated aanuumication, find that w i t h  

certain types of graup pmblem-solvilq taslcs there are marked differences 

between carmmtnication d e s .  Three types of cammication nrodes - 
examined in the studies they report: face-to-face, simultaneous 

caputer-mediated discussion and ccquter mail. While the results are not 

definitive, they sugyest that cammication ILy3de affected the speed 

required to reach a grarp decision, the @ity of participation rates of 

group -, annmunicatim rates, nature of the h b p m x m l  

communications, as w e l l  as the degree t o  which the groupls decision 

deviated fran individual's initial choices. ?he results Mate that 

there are certain advantages ami disadvantages to ccanputer-mediated 

cammication systems w h i c h  are relevant to plans for space station 

cammications, although more systematic research is required. 

specific results of hterest include the fact that capter-ndiated 

simltaneous CaplmaULication appeared to  retard group decision-- when 

cmtnskd w i t h  face--face d c a t i o n .  

cammication fostered greater equality in participation rates anmg grcup 

In addition, this mde of 
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-, - the number of inflammatory or %hhibitedtt remarks and 

resulted in graup decisions which deviated to a greater extent fm 

initial individual -ices than was the case when cannrpmication was 

face--face. 

these g x m p  had no prior asscciation w i t h  one anuther.) 

the condition in wh ich  subjects ccmmmicated by catpter mail - similar 

in n m t  respects to the - d a t e d  %onf-w mode. 

(It shcruld be nuted that the subjects who participated in  

F- fram 

Inplications for space Station canmum 'cation systems 

T h e  hplications of the findings of Siegel et al. (1986) for 

decision- and group pmblem so lvhj  aboard the space station are 

h t r i g u h q ,  though speculative. First, it wmld appear that c c ~ ~ p ? l e x  

pxblern-solving tasks, especially when t i m e  to solution is mitical, are 

facilitated m>st by face-to-face ccmmmications even thaqh this mdality 

increases inequality in participation rates. 

connections in appreriximathj face-to-face communication whem physical 

The role of video 

is not possible (as between crew members and family members or 

between crew members and missian ccmtml) has yet to be fully 

investigated. Limited &ests that video contact (which is 

available to bath parties) redtuces pemeived Itsocial di~tance,~' but the 

role of m i v e d  social distance in cmplw gmup prablem-solving is not 

clear. R e s e a r c h ~ ~ b o t h t h e ~ l e X i t y O f t h e t a s k a n d t h e d e g r e e t o  

which face-to-face contact is mediated is needed. 

Results CQllcerning the effects of communication mode on participation 

rates also rquires further investigation in relation to task ccanplexiw 
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and of'task -. ?he greater @ity in participation 

rates fostered by m m d i a t i o n  may be functional for tasks requirirq 

creative solutions (or during the % r a i n s t o m b q t t  phase of gruup 

prablem-solvirq) when maximization of input is essential. 

ccq&er-n&iation my also mitigate to some extent the effects of status 

differences on participation rates (a well-established fhdhq  in  the 

small 

power and prestige orders and participation rates). 

wncemiq the inpact of -ation on participation rates and its 

inplications for the reduced effect of status differences is speculative, 

it certainly rqu ins eurther investigation. 

literature, see Bales work on the link between status and 

mough the finding 

studies in w h i c h  clear 

status differences exist among grap lwfnbem need to be c€du&ed in 

c a p t e r i z e d  settings. 

f l a t t  of negative information or information that challenges the positions 

of those in high status roles in the g n x p .  

since urder time pressure or in stressful situations informtion is often 

critical to effective decision-making. -i.xmtal researchand 

ocanputerrneaiation may facilitate the ttupward 

T h i s  effect is important 
e 

sinnilation studies cmld be aadwted an this topic. 

capter-mdiaticm may mitigate the inhibit- effects of face-to-face 

cammicatian when %ubordhatestt have access t o  critical infomation and 

may need to -1-e authority or the gruupts dcnninant decision strategy 

(see Faushee, 1982, 1984, etc.). Canners (1985:174), for exanq?le, cites 

resear& Mating that %omectable pilot errors have gone uncorrected 

because of urquestioning attitudes, a lack of assertiveness, or deficient 

amununication s k i l 1 s . I '  Another intriguing result cited by cannor~ 

(1985:197) was obtamed ' by Q'lamlpless (1971) indicating that people are 

mre likely to change their established positions on issues and reach a 

It a- that 
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capxdse w i t h  other graup 

'Ibis m y  have important inplications for both the process and atcanre of 

w h a  ammumicatian is nut d a t e d .  

graup decision-makixg aboard station. 

* Alterations in the norms smmudng  ammumication content under 

varying cxmunication modes also need further investigation. ?he 

normative restraurts ' of face-to-face interaction on cammication content 

are lessened in the more amnymus condition in which cmputem mediate 

interaction. As Siegel et al. (1986) mte, ccwqxrter-mediated 

ccnmunicati- included more inflammatory remarks. If this findirrg is 

&served in graups w h i c h  have a history of interaction, then 

c a p - d a t i o n  cceild foster interpersonal conflict and mcham 'sms to 

mliorate this possibility would have to be developed. A related coacem 

is the protection of privacy in communications reant for family and 

f r i d ,  especially cmmmications high in socio-emotional content. 

forms of d a t e d  cmmnication raise issues of access as w e l l  as privacy 

which need careful examination in relation to inaividual morale, group 

All 

cohesiveness and other aimensions related to the envjxmment 

w i t h i n  the space station. Canners (1985:197) cites studies indicathq 

that xnediated mnmunication contains Veduced socio-emotional content,11 

and thus is less effective for certain types of tasks such as negotiation 

or getting acquairrted in contra& t o  tasks which require ' I t h e  giving and 

receiving of infonuation, asMng questions, or exchanging  opinion^.^^ 

Reseaxh an space station ammumications and the impact of 

- d a t i o n  on the performance of different types of tasks, as w e l l  

as the nature of the interpersonal dyMmics w i t h i n  the crew and between 

crewandgraundisneeded. 
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Individual and G W  Wd. lip& of -ated 

Communication Networks 

Kerr and H i l t 2  (1982) discuss the potential impacts of 

ccapxlter-mediated carmmrnications on irdividudls and graups focusing on 

cognitive, affective and behavioral aimensions. 

brcad effects a t  the oqanizational and societal levels, many of which go 

far bey- the scope and s i z e  of the space station. 

hypavlesized effects have been verified in  research discussed above by 

K i e s l e r  and her colleagues (Siegel et al. , 1986) , k u t  many of the topics 

raised by Kerr and Hiltz have not been subjected to systematic research. 

-re, rrmch of the widenca they cite is aneodQtal, based on the 

experiences of those in positians to evaluate existing cmpter-mdiated 

cammication netmrks. Though wmpu-mdiated cammiation nemrS 

of various s izes  have existed for a t  least a decade, research a c a m i d q  

the effects on specific variables related to gmup functioniq and 

organizational effectiveness is fairly recent. 

They are ancaned w i t h  

Scam of the 

With respect to individual performance, Kerr and W t z  (1982) discuss 

such issues as infomation overload, m skill 

imprweanents, expamianof learn inggr tuni t ies ,  etc. 

cognitive ixpacts of cqxter-mdiated ccmmnmication systems. 

Hypcrthesized affective impacts include: ahmemmt of the candor of 

opinions, potential %ddictionll and heavy usage, increased ne-rk s i z e  

and possible sources of social support (fm kin, friends, and 

professionals) , the ability to maintain frienaships despite lack of 

and 

as potential 
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geogra@'dcal pmchdty, etc. Negative potential discussed 

include inawsed isolation fram non-ated cammication relations, new 

sources of stress related to changes in existing patterns of mrk and 

d c a t i o n  as w e l l  as alterations in social networks, and the 

frustration created by the lack of immediate feedback, etc. H i l t 2  (1979) , 
however, notes that in same cases, desire to have truly sylachronaus 

conferences seems to almost totally disappear as aqerience is gained on 

the system.11 

Of  the individual-level behavioral impacts discussed , severalareof 

prinrary htere& First, it is clear that -ated networking 

ir#reases cannectedness amxq individuals thus a p a n l i q  the scope and 

range of social relationships. Accordirrg to Kerr and Hiltz (1982:114) , 
-mediated cammication systems lead to llincreased collegial 

Cmtam, an hcrease in the number of contacts that can be maintained, 

and create the apportclnity for regular connections w i t h  many 

Expansion of the actual or perceived social netmrk thruugh 

cmpter-mediated cmmnication systems may help mitigate the sense of 

isolation experienced by space station inhabitants. 

a major StrenCJth of such systems is the ability to I f k e e p  i n  tauch with 

athersll (see Kerr ard Hiltz,  1982:114, Vallee et al., 1978:lll-115). In 

Results indicate that 

addition, such systems seem to alter the centrality of individuals by 

allckJing those geograghically (or for other reasons) on the periphery to 

regain a sense of centrality thmugh cammication contact. 

G r o u p l e v e l  impactS are especially relevant to space station design. 

Kiesler's work addresses sane of the issues related to graup 
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decisiogMndking e m d a t e d  cmmumication w i t h  

face-to-face grarps. Haever, K e r r  and Hiltz (1982:121-122) identify a 

w i d e  range of uther group and organizational level @acts, same of d c h  

comespon3 to Kieslerls mncerns. The grouplevel hyputhesized Cognitive 

impacts include: (1) the -tion of %n-li~W grcorps or ~kamunities of 

- 

interest", (2) improves group decisions, and (3) an increase in 

lkuwkdge-based authority,Il etc. W i t h  respect to group decisions, the, 

findings cited are mixed. 

capabilities of data base seamhes, hcmased access to infomation and 

On the positive side results suggest that the 

access to decision-aides enhance group prablewsolving and 

decision-making. As Tumff and Hi l tz  (1980:123) indicate %he ccaqxlter 

can aid in gather- subjective estimates w i t h i n  a group18 and facilitate 

the resolution of d i s a w .  

While Kkrr and H i l t z  (1982) indicate solme empi r i ca l  support for #*at 

least the same quality of solution" when cmparing 

face-to-face groups (lhmff, 1980; Hiltz et al. 1981) ; Kiesler et al. 

(1984) and Siegel et al. (1986) report a decrement a t  least w i t h  respect 

to time t o  solution for the capter-mdiated gmups. others, Kkrr and 

H i l t 2  (1982) note, (see Jahansen et al. , 1979) argue that more CanfliCt 

may result fmm the increased access to alternative views and that a 

@!false sense of grarp cmsenmsl* may arise (Kerr and Hiltz, 1982:125). 

'ated to 

On grolp, pmblan-solvhq Kerr and Hiltz (1982:124) cite the work of 

Lipinski et al. (1980:158-159) which suggests that when consider-, the 

%ask-focused cammications required by g z w p  involved in joint problem 

solving, -based cammication systems are awmpriate in the 
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fAxuctm-, evaluating, ard docmenting phases of problem solving, since 

time delays are aoceptable, written 

face-to-face contact is nut essential.11 Hamvex, they go on to state that 

the llimpllementing, -, ard m i z i n g  stages of problem 

solving are less amenable to this techno log^.^^  ore resear& is needed 

concenzing the phases of problem solving and the effects of ccmpter 

d a t i o n .  

are apprapriate, and 

Ihe folluwbq list includes 8 c m ~  of the hyputhesized behavioral 

impacts on grc~lps identified by ~cerr and Hiltz (1982:132-133) Many have 

nut been sufficiently investigated to provide definitive evidence. 

(Aaaptea fm K e r r  ard Hiltz:) 

1. 

2. 

3. 

canpter ized cannumication increases cross-group ccammznication. 

It increaseS lateral netwrk linkages amrmg oqanizatians. 

It increaseS lateral network linkages w i t h i n  organizatians. 

4. ccanputerized cannumication may change social stmchms fran 

pyramid or hiexarchical to network-shapd. 

5. It champs the centrality of w i t h i n  grc~lps.  

6 .  

7 .  

It haeases the possible span of control. 

It can hcmase the effective limits on the s ize  of working 

grcrups. 

8. It haeases the density of social networks, increasing 

-. 
It inrreases ogprbnities for -ized ccamnunication. 9. 

10. campzterized cammication may hcxease info& ccmunications. 

11. It changes who taus to W h a L  
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12. G r a p  take 1- to reach agreement and cansensus is less 

likely. 

13. ccanputerized cammicatian scanetimes makes it difficult to focus 

discussions. 

Regularity of inaivictual participation is sametimes difficult to 

eIlfOlXX. 

15. ?here is greater equality of participation than in mentianal 

media. 

3. 

Cammication Network S t m c t u r e ,  Centrality and Rwer 

prior resear& on cammication h r k s  in the social sciences 

provided evidence that the specific configuration or structure of the 

network affected the efficiency of prablm solving gmups. But mre 

recerrt reseamh tends to indicate that these results may nut be valid for 
a 

mediated CamtrJlniCation systems. 

structures, given telephone contact capabilities, were able to cam to 

comenms on grcrup decision problems without much variation in degree of 
cmsmsus or time to achieve cc~se~lflls across structures (see Friedkin ard 

coak, 1987). 

Subjects in various fmr-person nettJork 

Results froan the cmpuhm'mdiated version of this 

e%p&rmt are nut yet ccanplete. 

centrality has been linked to power in various studies of 

ammication and in networks in which res~urces uther than information 

are excharyjed (see F'reman, 1979: Cook et al., 1983). In 

caputemmdiated cammication networks centrality is linked to access to 

information and contml over the flow of information. TO the extent that 
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-tim alters these parameters decmtmlization of power may 

occur. Resear& is needed w h i c h  exaznirles the relationship between the 

Structure of the canmmication netwrk and control aver information 

Chnrels. certaml ' y as Kerr and Hil tz  (1982:150) inaicate %gprtuni t ies  

for m i z e d  cmmunicatim are hmeased" in caqxter-mediated 

networks, %ecause it is easier to keep all those concerned w i t h  issues 

info- and up to date." Thus the efficient f low of information is 

enham&. But efficient decision-makirrg in grc~lps i n  a c h  cmmnication 

is- ' ted may require stmctwd access to infonnatim rather 

than open access durirrg the final stages of d e c i s i o n - m .  

access to infomation rather than the availability of coammznicatim 

m s  of 

channels becoanes the miticdl de- of positional centrality and 

thus in this cirannstance . Furthermsemhonthesetapicsis 

needed. 

Ccnmunication N e t w o r k s ,  Authority and Control 

 err and Hiltz (1982:125) , among others, predict that crarp?uterized 

cmmnication increases the llappreciatim of knowledge-based rather than 

hierarchical authority.11 

t o  study the cmditions urder which conflict can arise between 

lawwledge-based and hierarchical authority Structures. Efficient graup 

If this result  is generdl, it w i l l  be important 

functi- and prablem solving is likely to be enhancd when there is 

mnxd conflict between these soume of authority. FWthenmre, I .  

hierar&l 'tal authority and cxmmr~I systems must be designed in  such a way 

that information flow is not tightly hierarchically structured. 
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As noted above, in particular, in systems involving highly trained 

professids the UPJard flow of critical informtion must not be 

circurmrented by bureaucratic procedures or restricted camrrmnication 

channels. 

efficiency is likely to occur llTder conditions of open access to 

CanmMliCation channels rather than strict hieramhl 'cal access under 

conlitions of ccmplex tasks, high uncertainty and a highly 

professionalized staff. 

authority stmchres under vary- camurdcation network structures and 

task conditions is required. 

Maximization of graup pmductivity and problem solving 

Specific research on optimum alternative 

with respect to authority and control in systems using 

-ated ccsmrmnication nebmrb, two additional inpacts cited by 

Kerr and HiltZ (1982:150-151) relevant. lhey (p. 150) that 

"greater delegation of authority is possible with the capacity for 

acccxlntability and reviewing decisions in a timely and orderly manner." 

S e a n d ,  they argue (p. 151) that it I l i n c r e a s e s  the possible span of 

control11 and % l l a ~ ~  mn? centralized control over geographically 

dkpxsed  units.!' 

both accaurrtability and review procedures, but the specific extent and 

opthum role of these systems in human decision-makirg has yet to be 

determinsd. 

caputerized decision-aides have the potential to alter 

Extension of the span of contml and the degme of centralized control 

over units dispersed in space m y  beccnne mre important cansiderations 

during the post-I= phase of the space station program. Some of these 
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issues as they relate to the paterrtial for intervraup conflict have been - by Michener in his chapter in this volume. 

Ihe Iinpact of CclnlpU- 'ated Interaction: F&seamh N e e d s  

Research on the impacts of cqxter-mdiated interaction on individual 

and gmuplevel functioniq is relatively new. 

limitations to exist- knowleCage in this area; results are more often 

based on amai&al reports than systematic reseamh or are derived fraa 

very limited observations over limited time spans in situations in d c h  

there is little contml over the relevant variables. A major resear& 

program is requimd. Of particular importance in the design of space 

station configurations and camunication systems is reseamh on the lMcs 

between information access channels and the exercise of authority and 

control. Various factors make the space station unique: the high degree 

of professionalization of the staff, the ccanplexity of the tasks involved, 

the high degree of interde pendenceanduncertainty- ' manyofthe 

There are major 

tasks to be aamplished, the enonacxls information -ts, the 

difficulty and qlexity of continual on-line dtoritq, the spatial 

separation of the grumd-based crew and CCamMnd persom& f m  the space 

crew, and the potential existence of multiple authority s-. 

Existing research is focused on earth based cammication networb 

primarily amcnrg colleagues or renrote mnbers of interest grmps where the 

exercise of authority is rarely an issue. Information exchange is 

frequerrtly the primary or sole goal of the interaction. 

extrapolation fraa the results of studies on these networks must be 
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treated as himy speculative. 

specific pmblears and parameters facing crews in space. Simulations c a l d  

be designed wfiich wmld mirror sam of the most critical circuIllstances and 

used to evaluate alternative =rk structures, systems of Canrtrolled 

versus apen access to information, given different types and levels of 

q l e x  tasks. 

a primary focus of the resear&, althuugh other issues such as increases 

social ccnarnnrication between crew nmbers and grwnd persanrael wmld also 

need to be addressed in tenus of the impact onmission success, broadly 

defhed. 

on-line data collection systems for post-IOC space station missions and 

other larrg-tturation, %anned~f missions concemirrg the multiple i npc ts  of 

New reseamh ILlLlst be designed around the 

Pmblem solvhq efficienq and gruup productivity would be 

Priority shcruld be placed on the developrmt and evaluation of 

cmpter-mediated aaumunication systems. 

'Ihe 1986 challeqer disaster was as much a failure in organizational 

decision- as a technical failure in the right rocket booster on the 

shuttle. 

scientists and ma~gers  to focus attention primarily on the technological 

'Ihis fact attests to the tendenq in organizational. amtexts for 

aspects of systents rather than the social aspects of system design. 

Historically, in the social sciences, as well as the physical sciences, 

pmductivity has been viewed fmhmnblly as a problem of technical 

system or oxyanizatid design and innovation. lhose who design and 

evaluate q l e x  systems which require human participation, W e r ,  Ilhlst 

eventually recognize the significant role of psychological and social 

factors in pmductivity. Iiuman factom are now encozpmted in NASA's 
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research 

the time frame w i t h i n  which resear& ccmnnitrnents are necessarilymade. 

h t  th i s  is a recent and fairly small beginning given 

My reccnanendaticols assume that technical and social systems can nut be 

c-signed in isolation of one anather and that ' iplinary research 

which crosses the invisible boudary between the physical and social 

sciences is required. 

habitable and which optimize hman canfort, satisfaction and proauctivity 

Designing space stations which are maximally 

and minimize the sense of isolation and the stresses associated with risk 

and uncertainty, as well as the potential for intraqmup and irrtergrcup 

conflict is as critical a goal as the flawless design of structures which 

will provide the technical support for "life aloftIq. 

Resear& on many critical aspects of social system design is sinply 

not available. 

consideration are new (e.g. 

~n part this is because the technologies 

ccnpxlter-mediated networb to facilitate 

in- wmmunication are relatively recent) : but also in part, this 

state of the art is a function of national priorities and budgetary 

cm&dnts. Hopefully, this situation will change. !the quality of life 

in space in the twenty-first century will hirrge upn decisions we make 

during this decade as to what research is necessary to maximize not only 

pmductivity, the battaaa line for many, but also less taqible qualities 

such as habitability, sociability and liveability. Ihe space station is, 

after all, a place to be inhabited, a mini-society which at sanue not too 

distant time in the future must begin to cape with nut only the 

technological m c p h m e n t s  of its envhment, but also the psychological 

and social needs of its inhabitants and the social constraints and 
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-of an emeqqinJ society. Recruitment, selection, training, 

SuSteMnca and replacement of persons w i l l  be as critical as the 

nra- and replacement of parts. 

The follawinJ is an abbreviated list of resear& needs (see Table 1) 

&& 1 have suggested in the text of this report related to social 

factors involved in space station design during the post-IOC phase. The 

enphasis in this report has been placed on issues related t o  stress, its 

causes and -, and the impacts of a q u - d a t e d  

cammication systems (since that is cuxrently the primary mity 

envisioned.) I have only scratched the surface. 

In conclusion, it is important t o  nute that as with many of the 

resear& progranrs of NASA and university-based scientists, the benefits to 

be derived fran the proposed research extend far beyond the limited 

pmposes of future space station missions. 

w i t h  rmiltiple stressors in hostile envimnmnts and a better understanding 

of the social and psychological effects of a q u t e r - d a t e d  carmrmnication 

systems have great potential applicability in a w i d e  range of human social 

corrtexts. 

even greater than the payoffs for life as we envision it on space stations 

inthenextcentury. 

Improves methods for cap- 

Ihe payoffs for society as we knm it on earth are patentially 

672 



Baddelq, A. D e  

1972 selective attention and performance in dangerous envimnments. 

British Journal of Psvch 01- 63 : 537-546. 

Belle, D. 

1982 % stress of car-: wonm as providers of social suljport. 

Fp. 496-505 h L. Goldberger and S. Breznitz, eds., Handbook of 

stress: Theoretical and clinical Amects . Nev York: 'Ilre Free 

press. 

Biexsner, R. J., and Hogan, R. 

1984 -ity correlates of adjustrent in isolated work groups. 

Journal of F&seamh in Personalitv 18:491-496. 

Breznitz, s., and Goldberger, L. 

1982 Stress research at a crossroads. Fp. 3-6 in L. Goldberger and 

S. Breplitz, eds., Handbook of Stress: Theoretical and Clinical 

Amects. New York: The Free Press. 

673 



Broadbent, D. E. 

1971 Decision and Stress. New York :  Academi C. 

caplan, G., and Killilea M., eds. 

1976 SUrjDort systems and Mutual Helm MultidisciplinarY 

mlorations. New Y o r k :  G r u n e  and Stratton. 

Qlampness, B. G. 

ullllg a t  B e l l  Laboratories. Paper E/71270/CH, I .  1971 

CarmnUnication Studies Grcolp, I~mIon, England. 

clearwater, Y. 

1985 A huIllan place h outer space. psvoh O l o a v m d a ~  Jul: 

Cook, K. S., Em=rson, R. M., G i l l m o r e ,  M. R., and Y a m a g i s h i ,  T. 

34-43. 

1983 TIE! distribution of pwer in networks: theory and 

e x p e r m  results. American Journal of S o c i o l q  89:275-305. 

cooper, c. L., ed. 

1983 Stress Resear&: Issues for the Eiqhties. chicester: 

John W f i e y  & Sans. 

C!oOper, C. L., and Payne, R. 

1978 Stress a t  Work. chicester: John Wiley & Sans. 

674 



Connors, M. K., Harrison, A. A . ,  a r d A t k i n s ,  F. R., eds. 

1985 LivkAloft :  Human- ts for Extended mcefliqht.  

Washingtan D.C., NASA. 

Emford, G. S., Ericsan, J. E., Freeman, H. J., Hays, D. G., 

Lewis Jr., W. C., Schoonhoven, C. K., S h ,  H. P., W a l s h ,  P. J., Wellens, 

A. R., and W i s e  J. A. 

1983 I-hmane space Statim. 

E l e m n t  bI Srsace. 

Workshop, NASA. 

Pp. 63-95 in Autollcanv and the Human 

Final Report of the N?SA/ASEE Summer Faculty 

-, B. S. and -, B. P. 

1974a ovewiew and pmspects for resear& on stressful life events. 

Pp. 313-331 bI B. S. 

Stressful  Life Events: Their N a t u r e  and Effects. New York: 

W i l e y .  

and B. P. -, eds., 

Dahrerrwlend, B. S. and -, B. P., eds. 

1974b Stressflll Life Events: ?heir N a t u r e  and Effects. New York: 

Wiley. 

1962 Activation and Behavior. New York: M G r a w - a l l .  
675 



F~uShee ,  C. 

1982 The role of ccamamications, socio-psychological and personality 

factors in the mairkemme of crew coordination. Aviation, 

mace, andmirormrentdl Medicine 53~1062-1066. 

1984 Dyads and triads a t  35,000 feet: factom affecting graup 

process and aircrew performance. m i c a n  Psvch oloaist 

39:885-893 

Foushee, C. and”d.&, R. L. 

1987 Group interaction and flightcrew performance. To appear in 

E. L. W i e n e r  and D. C. Nagel, eds. ,  Mrman Factors in Modem 

Aviation. New York :  m c  Press (forthcmhg I *  

Freeman, L. c. 

1979 Centrality h social netmrks: conceptual clarification. Social 

N e t w o r k s  1:215-239. 

F’riedkin, N., and cook, K. S. 

1987 N e t w o r k  Structures and Social Influence Processes 

msmal 1 prcblem-solvirrer Gl3xRJe . Tobepresentedattheannual 

meetirrgs of the American Sociological Association, chicago, 

-, 1987. 
676 



Glass, D. C. . 

1977 Behavior Patterns, Stxess, and Coronarv D i s e a s e .  Hillsdale: 

Erlbam 

Helmeich, R. L. 

1983 Applying psychology i n  outer space: unfulfilled prumises 

revisited. Fp. 445-450 in American Psvch olosist. April. 

Helmreich, R. L., Wilhelm, J. A., a n d m e ,  T. E. 

1980 Fsydmlogical amsiderations in futum space missions. Pp. 1-23 

i n T .  S. Q l e s t a n a n d D .  L. Winters, eds., HumanFactorsofOuter 

mce -&ion. Boulder, Colorado: W e s t v i e w  Press. 

HiltZ, S. R. ,  Jahnsan, R. , and m f f ,  M. 

1981 The w&L itv of mnm decision-makh i n  face-to-face versus 

camrxlterized conferences. 

the American Sociological Association, Toronto, Canada. 

presented at  the annual meetings of 

Holmes, T. H. , and Rahe, R. H. 
1967 Ihe social readjustment rat- d e .  Journal of Psych csmatic 

11: 213-218. 

Holroyd, K. A. and Lazarus, R. S. 

L. Goldgerger and S. Breznitz, eds., Handbook of Stress: 

Theoretical and Clinical Asmects . New York: The Free Press. 
677 



J h ,  I. L. 

1972 V i c t i m s  of G n x m t h h k  . New York: Harrxxlrt, Brace. 

1982 Decisionmakiq urder stress. p p .  69-87 in L. ~oldberger and 

S. Brenitz, eds., Handbook of Stress: Theoretical and Clinical 

Amects. New York: The Free Press. 

Janis, I. L., Defares, P. B., and G r o s s ~ n ,  P. 

1982 ylpervisilant reactions to threat. In  H. Selye, ed., Selve's 

Guide to Stress Research. Vol. 3. New York: Van N c s t r a ~ d .  

Johansen, R., V a l l e e  J., and Spqler, K. 

1979 El- 'c Meetincrs: Technolosical Alternatives and Social 

choices. Addison-wesley: Reading, Mass. 

Kerr, E. B., andHLLtZ, S. R. 

1982 Pp. 114-151 in 'ated C a m n u  'cation systems : status 

and Evaluation. New York: Academic Press. 

Wssler, R. C., andMcLeod, J. D. 

1984 Sex differences in vuherability to urxksirable life events. 

American Socioloaical Review 49: 620-631. 

=le, R. C., and m e  Jr., J. A. 

1981 Trends in the relationship between sex and psychological 

distress: 1957-1976. ?merican Sociolosid. Review 46: 443-452. 
678 



Kiesler, S. , Siegel J., and MtXuh, T. W. 

1984 Social psychological aspects of aaprbr-dated  cannumication. 

American mvch olosist 39:1l23-1134. 

Wine, S., and scotch N. A., eds. 

1970 Social Stress. Chicago: Aldine Publishing 00. 

Lipinski, H., Sparrs S, and Tydeman, J. 

1980 mrthq task-focused amnnunication. Pp. 158-160 in 

A. R. E?enenfeld and E. J. Kazlauskas, eds., C a m x u  ' cation 

Information: Pmxedm~ ' of the 43rd ASIS Annual Meet-. 

Knowledge Industry Azblication: white Plains, New York. 

Mandler, G. 

1967 Invited camnu3nary. 

Fwcholosical Stress: Issues in Research. New York: Appleton 

In M. H. *ley ard R. Trcmsxlll, eds. , 

century -fts, 

1982 Stress and -t p-. Fp. 88-104 L. Goldberger and 

S. Breznitz, eds., Handbook of Stress: Theoretical and Clinical 

Amects. New York: The Free Press. 

pearlin, L. 

1982 Ihe social Context of stress. Fp. 367-379 in L. Goldberger and 

S. Handbook of Stress: Theoretical and Clinical 

Amects. New York: The Free Press. 
679 



Selye, H. 

1936 A syrdrme produced by diverse ~l~cuous agents. Nature 138:32. 

1956 The Stress of Life. New York: WGrawHill. 

1974 S t r e s s  Without D i s t r e s s .  Philadelphia: Lippincott. 

Siegel,  J., r)ubrovsky, V., Kiesler, S., and McGuire , T. W. 
1986 Grrrup pmcesses in conptemwdm ' ted cammunication. 

Omanizatianal Behavior and Human Ferformnce 37:157-187. 

S-, D. K., and S i r s k y ,  P. A. 

1985 Human factors: an exploration of the psychology of 

human-ampter dialogues. In H. R. Hartson, ed., Advaxes in 

Human- t e r  Interaction 1:49-103. Norwood, N.J.: Ablex 

publishing corp. 

Thoits, P. A. 

1981 Urwlesirable life events and pqch&siological distress: a 

pmblem of a p e r a t i d  confaaxling. American &xiolosicdl 

Review 46 : 97-109. 

Turoff, M. 

1980 Mamcrement Issues in Human C2camum 'cation via ccarm~ ter. 

presented a t  the S t a n f o d  conference on O f f i c e  Autamation. 

stanford, California. 

680 



m f f ,  

1980 

Vallee, 

1978 

M., aild WtZ, S. R. 

structurirra- 'cations for the O f f i c e  of the Ftrture. 

a t  the N a t i o n a l  Cmputer O f f i c e  AutoaMtion Conference, 

Atlanta ,  Georgia. 

J., Johansen, R., Lipinski, H., Spangler, K., and Wilson, T. 

G r a m  ocammull 'cation Thmmh Camu tem 4:Rep. R-40. Institute for 

the Future, Menlo Park, California. 

681 



TABIE 1 Selected Reseamh Needs:  Social Factors and Pmductivity on 

Lcuq-lkration space station Missions 

Social Stress, Human Pmductivity and G m u p  l3mctioning: 

(1) Develop =re ccanprehensive and precise measures of stress levels for 

situations involving multiple stressors. 

( 2 )  Resear& and develop stress dtoring systems, on-line data 

collection p-, and more unabtrusive measures of stress. 

(3) conduct m s e u x h  on persanal characteristics (e.g. persanality 

dimensions, gerrder, etc.) and specific reqxmes to stress and 

adaptations to stress on hq-duation space station missions. 

(4) - ' group ccanposition factors d c h  maximize efficient gruup 

functianirrg Mder multiple stressors. 

(5) Resear& the specific impacts over time of multiple stressors on 

individual and g m u p  decision-making processes. Assess the 

effectiveness of different ccpiq strategies and decision aides under 

varying le!vels of stress and ~ i n 2 l t i o n s  of stressors. 
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(6) research on the causes of stress to include as well as 

psychological and physiological factors social factors such as group 

size, group caqosition, division of labor, worm&, perceptions of - equity in the assignments of tasks and responsibilities, styles of 

1- 'p, type and degree of contact with significant others, etc. 

on long-duration missions. 

( 7 )  win to develop process mdels which relate stress to individual 

performance and grcruplevel functioning and specify the conditions 

undler a c h  the impairment of individual perfonname seriously 

-group--. 

w a t e d  canmum 'cation systems, HXEUI proauctivity and Graup 

Functioning: 

(1) exist- reseamh on the social impacts of cconputer-medated 

Ccmnmunication systems on Mvidual decision-makiq and group problem 

solving. 

(2) Investigate the effects of 'ation in relation to the 

of gmup prablem solving, of the tasks and 

variations in the levels of envimmmtal stress and uncertainty. 
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(3) Ctmduct research on -dated coarmaznication systems and the 

distrihtion of pmer and authority. Innrestigate in particular the 

potential for conflict between kncrwledge-basea and hierardu 'cal 

authority structures and the link between centrality and the m i s e  

of power and influence. 

(4) linrestigate the potential of axpuwmediated 

ammumication between crew nmbers and significant athers on earth 

attendirrg to issues of privacy, social supprt and the effects on 

respanses to isolation, confinement andatherstressarsonspace 

station missions. 

(5) ~n the future, reseanh the differential inpacts on individual 

perfonnance and graup functiadrg of various types of d a t e d  

cammication system (including audio and video channels). 

(6) - ' factors related to ccamrmnication mdality and access to 

ammumication channels which inhibit the upward flow of critical 

infomation (especially negative information) and mecham 'Sms which 

cirwnlv& this pmblem. 

(7) consider the effects of ccmpter=mediated cammication on the 

relations bebeen crew members and graud penxmel and between crews 

of different me6 w i t h  respect to the potential for hteqmup 

conflict and develop medmwms ' to mitigate conflict. 
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"E: 

includes a subset of the potential reseamh topics relevant t o  

long-duration missions. 

Other  reseamh -tiom are included in the text. !this table 
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TIE SPACE STA!ITO"S CREW AS A SOCIAL SYSTR4 

C c N P m  "E roc AND "E ssoc SOCIAL SYSTEm 

social system in space 

Esroger#rusly Manhted changes in ssoc 
m e  i n  crew Size 

charrge i n  Crew ccanposition 

change in Mission Statement and Goals 

charrge in onboard AI and ccarpxrterization 

Inltuced structural changes in ssoc 

The supewisory-control structure 

SUpervisory-cBntml s- in Ioc 
Relations Between the Crew and Mission control 

supewisory-1 structure inssoc 
FLactiaas of SUpervisory-mntml in ssoc 

Risks of Conflict in SSOC 

The Importance of Avoiding Conflict 
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Conflict Avoidarxs via Goal Stnrcture 

The Dprhnce of Goal Alignment 

ale superordinate Goals ApJmch 

The -retic ApJmach 

* Conflict Avoidance via Patterned Social Intexaction 

conflict and the flp3ewisory-Control Stnrcture 

Conflict and contact 

Conflict  and Cmnuru ' cation 

Conflict Avoidance via Selection and Tra* 

crew ccanposition and selection 

Conflict and crew Training 

Crisis: A Definition 

Normal Operat- Mode vs. Crisis Operat- Mode 

Crisis Management 

Crisis Management in IOC 

Crisis Management in SsOc 

SUMMARY OF RESFARCH AND DIESIM ISSUES 

Issues R e p d l n g  ' ssoc s u p e r v i s o r y ~ l  

Issues Regarding crew conflict in SsoC 

Issues R;egarding Response to Crises in ssoc 
REFERENCES 
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This paper the organization of the crew on board NASA's 

Space Station in the year 2000. 

Gundersan (1972), the Perspective adq?ted here is that the crew of the 

space Station is nut just as a collection of people but a functioning 

social system. 

in-t parts in a laryer structure. 

In line with the work of Sells and 

Crew members are viewed nut just as individuals, but as 

under current plans, the Space Station will evolve froan its earliest 

form (called the Initial operat- configuration, or IOC), which will 

e x h t  apprcbtimately in year 1993, to a ccmplex form (herein called the 

Secord-stage operat- configuration, or sSOc) in year 2000. In the IOC 

(1993), the crew of the Space Station will be small (i.e., 6-8 persons). 

As the space Station evolves over time, the crew will graw in size, and by 

SSOC (2000) it will have gruwn to 20-30 persons. 

caurse, to view the crew as a system even wfien there are only 6-8 people 

on board, as in IOC. Hc~wever ,  it becaDaes hcmask~ly useful to view 

human relations in system terms when there are more persons on board, as 

in ssoc. 

a 
It is possible, of 

NASA has traditionally placed great a i s  on careful selection and 

intensive trainirrg of its crews, arsd the outstanding perforlnance of NASA 

crews aloft attests to the success of this approach. Selection and 

training will an important Part in IOC 

Station operations. Nevertheless, as the Space Station evolves f m  IOC 

to SXC, NASA w i l l  f in l  that it must rely less on selection and more on 
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intentional design of the on-board social system to achieve adequate 

performance by the sew. 

render the crew imreasiqly less a collection of in=lividuals ard 

increasingly mre a system with emergent properties. 

m will occur because the grckJth in size will 

Ixlring the evolution fram IOC (1993) to SSOC (2000), inportant changes 

will occur in the social system on board. 

increase in size, but it will became differentiated into distinct 

subgroups ard mre ccarlplex in stmcture. These evolutionary changes will 

nut only affect the space Station's performance, but also deterrmne ' t h e  

N o t  only will the system 

types of problems and failures that occur within the social system on 

board. 

-main  purpose of this paper is to assist NASA in Weloping a 

research agenda for the SsOc social system. 

however, that neither the IOC nor the SsOc social system exist today. 

This mans that reseamh is prablematic, because there is no way that one 

candlrectl y obsewe these systems or take 

point in t ime.  Since the IOC and SsOC social systems are yet to be 

developed, the essential question is nut research, but planninu and 

desim-what shape and structure will these systems have and how will they 

function. Research becames useful primarily as an adjunct to the design 

problem; that is, it becumes useful to the extent that it improves stme 

social system designs or eliminates - cardidate designs f m  further 

considexation. 

It must be recognized, 

on them at this 
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To develop research ideas for SSOc, this paw first describes ways 

which the Ssoc social system will differ fram the IOC social system. 

in 

N&, it dhxsses three aperat- pmblem that may be nrore trcublescm 

in ssoC than in I=. These are (a) supewisiq and contmll~ the 

diversity of payload activities, (b) handuhq the relationship between 

differentiated subgmup of crew members, with its potential for 

intelgmlp conflict, and (c) reqmdmg ' to enVimmentA1y-- 

crises. Finally, - avenues of reseamh are sugyested reqxdmg ' t h e s e  

aperat- prabl-. 

Social systems in space operate under parametem different fmn social 

systems on Earth. These parameters, which apply to both the Ioc and SSOC 

social systems, include: 

(a) perilous Envimment . In contrast to most Earth-based social 

systems, the m e w  on board the space Station (and on any space vehicle) 

clorygen) and require will face a perilous env- (dcrogravity, 

q l e x  lif-. 

risks to life. 

crew mmbers will face significant hazards and 

(b) Relative Isolation. The social system on the Space Station will 

be isolated f m  other social systems and (in many respects) self 

contained. It will be in catact with Earth only via telecanmntnications, 
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andhenceit- ' l y h a s s a w e d e g r e e o f ~  frna Mission 

control on Earth. 

(c) Long m t i o n .  The social systems on board the space station, 

while transitory ampared w i t h  those on Earth, w i l l  remain in space for 

increasirrgly long durations. space station crew mnbexs w i l l  f ly missions 

that endure 90 days. (The space station itself may amtinue usefully in 

orb i t  for 20-30 years.) Frum the standpoint of individual crew -, 
larrg-tturation missicms may entail stress, psychological depression, and 

d l m d s h d  perfomance (Bluth, 1980, 1981; , 1977; cdwrg, 1981). . I  

E x c g m l y  Mandated changes in ssoc 

The envimnment faced by the space stat ion 's  crew i n  SsOc w i l l  be just 

as perilcus as that in IOC. 

w i l l  not remain constant. 

the social system that are to occur between IOC (1993) and Ssoc (2000) 

m e r ,  the space station's social system 

NASA has already maniated certzun ' charrgesin 

These changes incl-: 

champ in  Size 

 ne difference between IOC and SsOc is the s i z e  of the crew on board the 

SpaOeStatim. I n I O C ,  thecrewwillbesmall  ( 6 - 8 m ) .  InSsoc, 

the czew s i ze  will be larger, perhaps 20-30 or even mre. 

in s i ze  will be made possible by the I=hysical expansion of the Station. 

Most of the added crew- in ssoc w i l l  be Payload specialists, not 

T h i s  

Astrunaut Pilats. 

- - 
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several inportant chaqes in the ccnrpositian of the crew w i l l  occur 

&tween IOC and SsOc. 

w i l l  attach wdules to the space Station i n  SSOC and place their own 

AstraMuts aboard. 

F W ,  the Japanese and Eurapean space Agencies 

the IOC crew w i l l  wnsist of USA-NASA 

persmml, the SsOc crew w i l l  include substantial numbers of several 

distinct nationality subgrcrups: USA, Japan, Europe. 

A second change to OCCUT concerns the s k i l l  mix of the crew. In IOC, 

most crew members w i l l  be AstroMut Pilots.  In SsOc, w i l l  obviously 

still be SCWB Astrrrnaut Pi lo t s  on board, but the crew will include many 

more payload Specialists than in IOC. scnne calculations illustrate this 

point. I f  it takes b o  Astmnaut Pi lo t s  to fly the space Station a t  one 

time, then a total of four persons w i l l  be needed to fly the space Station 

aroun3 the clock (assuming t ha t  flight operations are mer left 

a 

mattenled and that AstroMuts work 12 haurs a t  a stretch.) 

inplicatim is that, in IOC, a t  least half the crew members w i l l  sperd 

their tinre fly- the space Hzttian, not conducting payload aperations. 

'Il.le 

The situation in SsOc w i l l  be more favorable, because the rnrmber of 

persons m to fly the space station w i l l  presumably remain about the 

same (despite the 1- physical s ize  of the station) t most of the 

a d d i t i d  persons on b~ard in ssoc w i l l  be payload sI;ecialists, who can 

devote their time to  scientific or mamfacturirq pmduch 'vity. 
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A thFrd charrge, less w e l l  defined a t  this point, - the gerder 
IniXofthecrewinSSOC. N A s A h a s s h a w n t h a t i t i n t e n d s t o ~ w c n n e n i n  

space, althmgh missions to date have been male dcaainated. presumably the 

crew of the Space Station w i l l  incl- sane wnmen. W i t h  the mwe fmn IOC 

t o  SsOc, and the accmpanying imrease in crew size ,  there may be 

O p p O r h X l i t y  to lmve the ratio of fdes /ma les  an board closer to 1.00, 

shculdNASA opt to do this. 

charrge in Mission Statenmt and Goals 

In Ioc, the primary rnission goals will be, f i rs t ,  to f ly  the space 

statim and, seccnd, to canstruct laqe space stm&mes, i.e., a p n d  the 

physical strudxm of the  pace station using flown up via the 

Shuttle (Danford et al. , 1983). These goals w i l l  doubtless apply to Ssoc 

as well. 

In SsOc, however, the increased number of payload specialists on board 

w i l l  pennit other goals to be pzsued. ?hese goals may include 

manufacturing and materials process- under a t i o n s  of micrp-gravity, 

and tendirrg and repairing c2mmxliCations satellites. other objectives may 

scierrtific exgeriments, carrying out rearote sensing and include 

meteorological dtoring, and engaging in flight slplport (assembly, 

maintenance, e, launch, recavery) for manned or urrmanned LEO 

transfer missions (Danford et al., 1983) Overa l l ,  the goals prsued by 

the crewwmbers in ssoc will be more Ccmplex and diverse than those in 

IE. mre formally, the SsOc social q&em w i l l  be attenpting 
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to optimize e t  may be CQllStrued as a highly canplex mlti-objective 

M i o n  (Keeney and Raiffa, 1976). 

Change in onboard AI and ccarq3uterizatian 

aurent plans for the space Station call for an increasiq use of 

artificial intelligence (AI) and expert systems over time. 

which AI can be used in IOC and ssoc aepenaS both on the capabilities of 

the space station's CcBlpXrters and on the software itself. 

The extent to 

In past missions, the cmptm23 on board NASA's space vehicles have 

not been e, ttue in part to limitations imposea by @ysicdl size and 

weight. The situation will be scpnewhat better in IE. Plans indicate 

that IOC will include same AI systems, although these will be 

small-to-mderate in size. NASA will, of course, use mainframe ccnpxzterS 

on Earth, and these may supplement the AI rcpztines of the space Station's 

as consulting devices for the diagnosis of hardware failures. other 

onboazd ccanptterizatian may involve Schsaulig of crew activities and 

ma- of databases (e.g., materials inventory). 

By Ssoc, the ccqxbrs  on board the space station will be faster and 

capable of runniq laxye AI progrrmrs. Moreaver, the software will have 

evolved with experience on board the space Station, and will beccane more 

wide-raqing in its capacities. *LIS, AI and expert systems will be more 

prcaninerrt in ssoc than in IE, an3 SsOc will be mare automated. 
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Frpm the iStar@mint of the social syste!m, the evolution of 

canputerization is relevant because AI w i l l  becune htegral to anboard 

decisian-mkiq. By SsOc, the AI software will be able not only to 

diagxse ha.&mre failures, but also to schedule human activities and 

perhaps wen to resolve conflicts anmg humans r e c p d u q  ' priority of 

objectives. 

Induced Structural in ssoc 

?he exogexw m e s  mandated by NASA for ~ s ~ c ,  as listed abave, w i l l  

brhq about mary charrges in the internal organization of the SsOc social 

system. 

exist today, one cannot draw firm canclusions about their structural 

praperties or perfonnance under specified conditions. 

O f  amse, because neither the Ioc nor the SsOc social systems 

N w e r t h e l e s s ,  by 

considering the praposed systems in light of resear& f i n d h p  on 

=-based social systems and earlier spaceflight social -, s c m  

plausible conjectures can be made regardirrg their structure and 

F€zf-. It SeeIIM fairly clear that the ssoc social system, as 

cmtmst& w i t h  the Ioc system, w i l l  be more amplac, more differentiated 

into rmbgraups, and more d e c a t m l i z e d  w i t h  respect to decision--. 

?he ssoc social system w i l l  be farmore amplex than that in Ioc. The 

SSOc social system w i l l  include more mmbers (20-30, rather than 6-8),  and 

the ccmp1exi.W of the system w i l l  incmase nonlinearly w i t h  crew size.  

?heprimarysaurcaofthisincseased amplexity is not j u s t  larger crew 
697 



s i z e  per se, tut rather the fact that the system's growth w i l l  occur via 

differentiation (elaborated subgodls and subgrazps) and nut via 

segmntaticm (-land, 1975; Qsti, 1979). 

increase in amplexity is reflected, for instance, in the number 

of carammication channels in IOC as cmtmstd w i t h  that in SSOc. W i t h  8 

crew menbens in IOC, there are 28 channels (asslaning that each channel is 

2-y and that a crew- does not require a channel to mmnunicate 

with himself); w i t h  30 ~ - e w  membens in SSOc, there are 435 channels. 

Thus, a 4-fold hcrease in crew s i z e  produces a 16-fold increase in 

channels. O f c a u r s e ,  itmaybethecaseinSSOcthateverycrewmearber 

w i l l  not have a need to cammicab w i t h  a l l  others, but the increase in 

a- in slower respanse to emergencies or crises. Today there is no 

way to measure the respanse-time perfonname of the ssoc social system. 
I 

cculd one do this, however, the SSOc social systemmight emerge as darer 

(and less predictable) than the IOC system when mqondmg ' tosuch 

emergencies as fire cm board or a col l i s ian  with space debris. To 

mobilize 20-30 persoprs scattered h several modules (in SSOc) w i l l  

probably take more time than to mobilize 6-8 h ana module (in IOC) 
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D i f f m  ' tian 

'Ihe social system in ssoc w i l l  be far mre differentiated - that is, 

canposed of rmbgra;lps with distinct identities - than the social system 

21 IOC. 

task specialization; there may also be scxne subgrmp differentiation based 

Ihe bases for this differentiation will be national origin and 

urder current plans, NASA w i l l  add physical modules to the Space 

station between IOC and SSoc, causing an evolutionary expansion in s ize .  

NASA itself w i l l  supply sane modules, but athers w i l l  came fmm foreign 

space agencies (Japan, Europe). Hence, the crew on board the SSOC Space 

Station will mist of persans fm all three space agencies (USA, Japan, 

Eumpe), possibly in  proportion to  the financial contribution by Mlrious 

participatiq nations. 

that (a) have different national origin (US, Japan, Eurape - Britain, 

France, Germany, Italy), (b) have different native languages, (c) have 

'Ibis means the ssoc crew w i l l  m i s t  of subgrcRp?s 

different skin color and racial characteristics, making graup mnberdu 'P 

readily visible, (a) have different mral and religious belief systems, 

and (e) perhaps have different goals and 1oq-te.m agendas. Dds SSOC 

crew profile differs sharply fm the far mre hamgeneow IOC crew 

profile; in IOC the crew w i l l  be siqle nationality (primarily or entirely 

USA), siqle language, CanSoMnt beliefs, unitary goals, single cammand 

structure on the grarki (NASA), etc. 

Crew nmbers fmm the three space agencies w i l l ,  a t  least to SCXE 

degme, constitute distinct subgroups on board the SsOc   pace station. Of 
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caurse, the use of a single language (English) on board will help to 

lessen subgrup differentiation. Nevertheless, an extrapolation frran 

research on Earth4aSed social systems suggests that differences in the 

factors noted above (nationality, skin color, native laquage, belief 

systems), re~o~byNASA'splanto~togetherpersansfrcPaagiven 

camtry in their own module, will cause the subgraups to have at least a 

moderate degree of in-gmup identification and ml-defined bcmxkiries 

(Tajfel and Turner, 1986; Wilder, 1986; mewer and -1, 1976). 

basis for subgmup differentiation present in SsOc (but nut in 

IOC) is task specialization. AS noted abcwe, both IOC ami SsOc will have 

-ut pilots, but soc will have many &tiomit payload specialists. 

SsOc crew, for instance, may include such diverse specialists as a 

university astrophysicist, a cmmemial materials engineer, and a national 

security intelligence analyst. 

?he AstroMut Pilots in SsOc may view themselves as a distinct 

subgmup within the laryer social system. ?l.ley will have similar 

backpwrds, pexform similar activities, and work for the same q l o y e r  on 

the Qraund (NASA). whether the Payload specialists in SsOc will view 

thanselves as a 

differ significantly among themselves. ?hat is, the specialists will come 

f m  a range of educational baclagrrrurds, work for different eqloyers on 

Earth, pusue a diversity of abjectives while on board the space Station, 

and perhap even aperate under orders to keep their activities secret.frcan 

athers on board. 

tasks or report to similar cmmands on Earth, there is the possibility 

distinct subgrcplp is less clear, because they may 

If soae Payload specialists work interdeperden U Y  on 
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that they w i l l  form identifiably distinct, flmctialing subgrcrups on the 

ssoc space station. 

Decentralization 

re social system in ssoc will be mre decatnlized than that in Ioc. 
~n other words, decision-xwdchq will be distributed more widely across 

persons in SsOc than in IOC. supervisory control over various functians 

will shift  away from a central canmand and reside instead with a diversity 

of specialists. 

pressures taward decdxalization of decision-makirrj and cantrol in 

SSoC will ccane hoDn sevexal scmmes. 

froan IOC to SsOc, there will be a change in the Station's mission. 

payload aperations will becume more prevalent and important. As a result, 

the activities on board will becane more differentiated and specialized 

(e.g., materials  process^ under microgravity, satellite servicing, and 

corduct of v h n t s )  Most of these new activities will be 

First, as the Space Station ewolves 

-based, and they will be cantrolled by the d y  persans on board 

who knuw h m  to do them (i.e., payload specialists, not 

P i l a t s ) .  re e?pnsion of expertise on board in ssoc will coincide with 
dece&mlization of decision--. 

Many Payload specialists in SSOC will be enployees not of NASA, but of 

other organizations on Earth. one implication is that the payload 

Specialists presumably will report to different supervisors on the 
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grand. This fact will conduce toward mre decmtmlizatian of 

decisionlnakirrg an board the Space station. 

As detailed above, the social system on board the Space Station will 

undergo significant structural chaqes f m  IOC to SSOC. Ihe system will 

experience a change in mission statemnt, g m w  in amplacity, 

differentiate into subgroups, ard decentralize in decision-makiq. W 

shif ts  will produce operating prablems for the SsOc social system that 

were not pmserrt in IOC. Ali3mugh one can doubtless identify marry such 

prablems, three are of special interest here. lhesearesingledaztnot 

only because they pose special threats to overall mission performance, but 

also because they potentially can be mitigated (if not eliminated) thraugh 

design and research efforts. 'Ihe three are: 

(a) The soc system will face problems with supewisory-cmtml 

functions that were not present in Ioc. The burden of Coordination will 

be greaw, because the SsOc system will include distinct national 

subgrarps as -1 as more task-specialization subgraups than IOC. 

Coordination of activities will be more pmblematic in Ssoc, in part 

because decision-- will be more decentralized. 

addressed thrcoagh design efforts prior to SsOc. 

issue for NASA is what type of supmisary-cmtml structure w i l l  best 

The broad -design 

7 02 



a serve the sS0c system, in the sense of prwiding -test efficiency and 

highest prabability of mission success. 

(b) The Ssoc system will pose risks of inteqmp conflict that wem 

notpr€sentinIOC. ?hepresenceonboardofseveraldistinctsubgrcnpxs, 

with potentially apposw interests ard objectives, increases the prospect 

of conflict. 

Ihe broad -design guestion for NASA is w h a t  safeguards to 

h i l d  int0 the system to reduce the probability of overt conflict 

occwdng. A related question is what can be done to assure that any 

conflicts that do arise are resolved amstmctively. 

(c) 'Ihe Ssoc system may have more difficulty than the IOC system in 

cap- with crises (e.g., fire on board, collision with space debris, 

etc.). ?he ssoc social system will probably have more - than the 

IOC system for cap- with marry crises. 

system - with its greater degree of differentiation ard decentralization 
At the saxre t h ,  the SSoC 

- may be woxse-off organizationally than IOC and have more difficulty 

mbilizing to deal with crises. 

Ihe broad research/design question for NASA is h m  best to structure 

the Ssoc social system so that it can mbilize adequately to dedl with 

various crises. 

Ihe follcrwing sections discuss each.of these prablems in tum. primary 

focus is on the nature and genesis of the problems. Attention is also 
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given to design issues - that is, t o  what research might be done by NASA 

prior to SSOc to mitigate these problems. 

'Ihe topic of supervisory ccmtml by humans on board the Space station 

has several dinrensians. 

and contml over machines. 

Fi r s t ,  there is the matter of hmans' reliance on 

Under current plans, the space Station's 

physical ts&q&€m will include many sensors and contml devices to 

d t o r  and regulate autcanatically a variety of crutcopnes, including 

life-support, puwer sources and management, flight contml, thermal 

contml, ard traffic control. nus, when interfac- w i t h  machines, the 

crew mnbers on board will enter the space Station's c m t m l  process only 

in a high-level dtorirq, troubleshoatirq, and decision-mkig Capacity 

(Xhrtman et al., 1983; Von Tiesenhawen, 1982). 

A secmd aspect of supervisory control on the Space Station is the 

regulation of a e w  members' activities by other crew members. 

is of inteyes there because there will be a shift in the Space Station's 

anboard supervisory-cmtml stmctum aUrirg the emlution fran IOC to 

Ssoc. ?he follcrwing discusses aspects of this m e .  

' Ihis topic 

As used here, the term supervisorymntrol structure refers to that 

functional subsystem on board the space Station wfiich (a) regulates crew 

activity in the interest of attaining system goals, (b) makes choices 
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anrmg collective behavioral alternatives, a d  (c) handles dissent, 
e 

including the trea- of nonccnrp?liance by crewmenbers. 

In social SystEmrs on Earth, supervisory-cantrol stnrctures (often 

called llauthority" systenrs) tvpically specify who makes *t decisions, 

who d u a ~  whose perfonnance, and who influences (gives orders to) 

whcan. 

will entail such specifications, with the added characteristic that sane 

prerogatives will reside with crew mmbers on the space Station while 

No dcubt the s u p e w i s o r y ~ l  StruCtUre on the Space StdtiOII 

others w i l l  inure w i t h  N A s A p e 3 x m e l  on the grcrund. 

super~iryumtmt structures can assme a wide variety of forms. 

For instance, at CDIB extreme there is the archetypical military caman2 

model w i t h  hierardll 'cal lines of authority and CCBIIIMnd. 

structures of this type, cantrol flaws frran the tap dam, while 

information flaws up (Mesarovic et al. I 1970) At arwther extreme there 

In pyrslmidal 
a 

is the equalitarian mdel with a flat authority stmcture. In the Space 

station context, such a ILy3del might consist of equally-ranked Astmnauts 

aloft, not taking orders frna a crew member m board, but each repOrtirrg 

to on Earth. A thiZd s u p e w h r p ~ t X I ~ 1  StntctUre - fall- 
between the ext;remes of hierarchy and equality- is the b e y .  A 

heterardu 'ad stnxtum is one that resembles a network, the nodes of 

which are relatively control systems and the arcs of whi& are 

the lines of rrrmolnlnication pass% between the nodes (Sutherland, 1975). 

on the space station, the nodes in such a structwe might be individual 

Task Specialists, or possibly teams of Specialists. 0 
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It follows that one important research/aesign issue is exactly w h i c h  

supervhry-cmtml stmctum should be deployed on board the Space 

Station. Since this issue is inprtant bath i n  Ioc and in ss0c, it is 

useful f i r s t  to look briefly a t  the IOC situation. 

~ i s o ~ - c c m t m l  structure in Ioc 

Ihe main objectives of the space Station cmw dturing IOC w i l l  be to 

fly the station and to expan3 its physical stmctum (add new habitation 

modules and platforms) ~ n y  of several alternative supervisory-1 

structures might suffice in IOC t o  accaplish these objectives, although 

scam structures arm pmb2hly better than others. The guestion, then, is 

w h i c h  to deploy. NASA might base its h i c e  an such pmcedmes as 

trial-and-emor or extrapolation fram pzwiaus experience w i t h  space 

flight supervision. Alternatively, systematic resear& could be used to 

narrow the choice by eliminating sdaae candidate structures. 

Mom specifically, NASA might cmhct simulations on the gmmd to 

test various outcanes fm different supervisoryumtmi structures. 

Simulations might be done under canditions that closely replicate those 

faund in space - e.g., high stress, high noise, Witted cammication, 

go-day duration, tasks similar to those done in space, and so on. 

Importarrt autctpne measures include productivity levels, crew satisfaction, 

lack of conflict, adequacy of response to emergencies, etc. Eailtiple 

replications cauld be run on a& of several alternative 



results shcruld provide a fair  idea of haJ the alternative 

suprvisory-cuntml stmdams w i l l  perfom. 

W i t h c u t t h s r e s u l t s o f s u c h ~ ,  i t i sha rd to )aaJwha t typeof  

structum w i l l  w a t u a J . 1 ~  be deployed. A plausible conjecture, however, 

is that the space Station's Ioc supervisory-cont-ml structure w i l l ,  a t  

least to sms degree, -le a standard Ihilitary COBrrmand nrodelll w i t h  

hi- 'cal lines of authority and cosrmrard. 

for grrxlps faciq perilous ernrirwnnents to oqanize themselves 

hierarchl 'cally, primarily because it strengthens their capacity to respond 

There is a general tendency 

t o  emp-rsencies and crises (Helmreich, 1983; Harrison and Camom, 1984). 

This pattern occurs not only in space missions, but i n  sutnnarines, 

undarseas research vessels, North Sea oi l  rigs, and polar expeditions. 

likely, the I= system w i l l  be no exception. 

mus, the supervisory-cont-ml structure on board during Ioc will 
presumably h o l v e  a designated Wssion Cammanderll (or sarrre such title) 

w i t h  authority to issue orders to subordinates. O f  course, the 6 or 8 

AstroMutsonboard~iqIocaregoiqtobeccsnpetent,  skilled, and 

resaurceful persons. They w i l l  have been selected via a rigorous 

screening process, and there w i l l  be little reason to doubt their capacity 

for decisive action. Nevertheless, their roles w i l l  be fairly restrictive 

and afford little indepenaence , and they w i l l  essentially be taking ordas 

f r m  Mission oarrtrol on Earth and fmn their Mission cammander on board 

the space Station. 
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D R A F T  

& t h i n ~ o ~ a n d i n s s o c ,  aneresearrh/designissuedeservhq 

cansideration by NASA is the exact allocation of control between Mission 

ccoltrol an Earth and the crew on the Space Station. The viewpoint taken 

here is that the Space Station w i l l  not be @lautcaxmxls~~ or independent of 

Mission -1. 

performed an the gracnd than in space, Mission -1 w i l l  exert 

cansiderable influence wer a w i d e  rarrge of crew 

decisions thmqbut I=. crew nmnbers, however, w i l l  probably retain 

control wer such t h h y  as the inventory of i t e m s  on board the space 

station and the flow of traffic in and around the space station. 

Because many mnitoring and control functions are better 

activities and 

Mom problematic is whether crew nmnbers w i l l  have control wer the 

schedulhq of their uwn d a y - M y  activities. on one hand, Mission 

Qntrol needs asmmnce that crew numbers are p e r f O d . r q  adequately and 

thus may w i s h  to exercise strong supervision wer schettules. On the other 

hard, tasks which are easy to perform on Earth may consume great time and 

energy under micyogravity in space (Sloan, 1979). This  may cause Mission 

Control to expect too nu& and cmld lead to w-hq of daily 

activities by persannel on the graund. 

Excessive regulation of crew schedules by Mission control can produce 

mle werload on space missions (Helrnreich et al., 1979). 

lock-step regulation of the crew's schedule by Mission con-1 might 

result i n  such labor problems as the well-publicized one-day %trike in 

space" that occunred d w i q  the 1973 Skylab mission (Balbaky, 1980; 

Even worn, 
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Cooper, 1976) Tb -eve a workable balance, what the Space Station 

needs is an arrarrgenrent whereby Mission control can specify (longer-range) 

goals to be achieved, while crew- can express and to sane degree 

enforce their preferences regarding locdl work f l a ~  and task-allocation. 

One appmach to such an arrangement is based on experience in  earlier 

space missions. Both the R U S S ~  and Americans have reported saw 

SucceSs w i t h  task-assignment p?m&wes whereby decisions regarding 

mission and related tasks are made W the hieramb 'callnodel, and 

decisions mganhng ' off-duty activities and living are made 

-tically (w and I&de~,  1975; Nel-, 1973) Althaugh 

pranising, these results pertain primarily to short-duration missions, and 

their applicability to larrger-duration missions is still an open guestion 

subject to research. 

Another approach to the issue of day-to+ay task Schedtuling is to rely 

heavily on ccsrpluter software. This a-ch w i l l  be relevant in  Ssoc, and 

may also be applicable in IOC. WUIY large projects of various types are 

managed on Earth today via project plannirrg software. Task Schedtulhq on 

the Ioc Space station w i l l  plmbably not be so W I p l e X  as to xequire 

software more elaborate than that available today. In fact, ccapxlter 

metware for project m a n a g e  on the space Station w i l l  nut only be 

useful in achieving optimal allocation of tasks to crew members, but may 

even emrye as a tool for conflict resolution 

crew and Mission control. 

the  pace Station 
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As noted above, the social system in ssoc w i l l  be larger, more 

cxarp?lex, more differentiated, and more decentralized than that in I=. 

-, the s u p e r v i s a r y e 1  S l x u c h x e  in ssoc w i l l  be more 

elaborate than that  i n  IOC and pmbably w i l l  assume a funhmentally 

diffemnt form. 

III 

Ihe ssoc supemiry-contml stmcture rnust be geared to handle many 

of the same functions as the IOC system. These include flying the space 

station, CoordliMting w i t h  Mission cantrol on Earth, and building 

(-) the Space Station. In addition, it w i l l  have to handle other 

f'unctions, such as processing materials and servicing satellites, as &l 

as serving as a node in a larger Conanunication and transportation netmrk 

in space. 

?he Ssoc social system w i l l  include not only Astronaut Pilots, but 

also a large rsumber of Payload specialists (perhaps as marry as 20 of 

them) Regulation of these specialists may prove a complicated task. 

Most Payload specialists w i l l  be highly educated professionals 

howledgeable in  their respective specialties. 

prior enplayment to working under glru?rviry-control stmchms 

w i l l  be acastmed by 

pennittingahighdegreeofindependence and autancpny. on the space ' 

Station, they may be performing activities (such as research) that are 

best acmtpllished under dPrerrtralized decision-makhq, and they w i l l  
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probably be workirq for sawne other than NASA (reporting to non-NASA 

authority on Earth). one.inplication of these facts is that a 

straightforwan3 extrapolation of the hi- 'cal IOC military CammMd 

model to SSOC will nut suffice. 

~~qholcgy of supervisory-mntml in SSoC 

It was suggested above that NASA might use experimental researa 

(simulations) to design the initial IOC supervisory-contml structure. A 

similar approach wuuld be applicable to the Wign of the SSoC -1 

structure. 

conjecture that the supemisary-contml structum in SsOc not resemble a 

military hierarchy to the same extent that the IOC stmctum did 

(Helmreich, 1983; JXnford et al. , 1983; Schoonhoven, 1986). 

may more nearly resemble an industrial heteramhy. ' Ihis is a structum in 

the form of a nebmrk, the lsDdes of which are relatively independent 

In the absence of such reseam%, however, it is a plausible 

Instead, it 

control system& 

Ixle to task specialization, decision-makirq within SsOc will be more 

decmtmlized than in IOC. 

collegial, and advisoxy. 

many- 'ons (notjusttopdawn) andwillbebasedanexp&Aseand 

contml of information as well as on oqmizational status. Despite all 

'this, hcrwenrer, payload specialists in ssoc will not be truly autananwxls or 
n. They may have more decision-mkiq prerogatives than 

specialists in IOC, but their discretion w i l l  n e v m e s s  be 

circuItlscribed and their performance will doubtless be subject to 

Interaction will be more collaborative, 

a significant degree, influence will flm in 
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attministrative regulation and rwiew. M of this admhhtm tion w i l l  

originate fmn (non-m) 'persannel on the Earth, not fmn other persons 

on board the space station. 

on the space station itself, many payload specialists in SSoc may be 

organized into small teams (2-, 3-, &persons, etc.) working on specific 

tasks. 

results fmu su& processes as social facilitation (Zajonc, 1965; Herschy 

and G l a s s ,  1968; Marcus, 1978); a t  the same t ime,  it w i l l  permit the Space 

station's crew to tackle a diversity of unrelated tasks requiring 

different mqetencies (research, materials processing, satellite 

sewicing, cmstmction, etc.) 

hetemxhy will each have decision-makhg authority 

their am task (doubtless w i t h  the consent of supervisors on Earth). 

team structure w i l l  capitalize on the added productivity that 

me teams constituting the nodes of the 

work-flow on 

In addition to  this stmcture, the ssoc system will likely include a 

tive staff - e.g., a Mission COaraMnder ard several !mall- 

lieutenants who w i l l  be responsible for coordinating relations am ox^ the 

diverse projects on board the space Station. 

have the pawer to halt or reschedule activities on one project in order to 

facilitate another. 

commmce of Mission cantrol on Earth.) ~~mover ,  these administratom 

w i l l  also have the capacity, i f  an emery- or crisis arises on board, to 

halt a l l  task activities and to m b i l i z e  the entire crew to cope w i t h  the 

e m e r y w .  

. I  

'Ihese administrators w i l l  

(Again, coordination of this type w i l l  require the 
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sum, it is sqpsted that the supervisory-xntrol stmztwe i n  ssoc 

will probably differ from that in  IOC, and may assume the form of a 

heterarchy or quasi-hetemrchy. 

than a conjecture. 

research on alternative ~ i s a r y - m n f i m l  structures as a basis for 

developing the design of the ssoc system. 

This statement, however, can be no mre 

It has been proposed that NASA might use simulation 

?he model of the s u p e r v i s a r y ~ l  structure ShtdleI here iissLrmes 

that, in ssoc as in IOC, there w i l l  be an overall Mission COamMlder on 

board the space Statim. 

is an open research/aesign issue. 

during SsOc will be different frrmn that during IOC, for he will coordinate 

and oversee rather than give directives, military-style. Althmgh he w i l l  

have the skills to fly the space Statim, he w i l l  not handle the 

dnute-to-minute task of piloting the Station. N o r  will he carry out many 

payload operations per se. Instead, his major role w i l l  be to coorczinate 

flight operations and payload operations, as w e l l  as c o o m t e  relations 

among nationality subgraups on boazd atxi with Mission cantral on Earth. 

Ihe exact nature of the Mission cammander's role 

It seems clear, however, that his role 

B e p m l  the nature of the Mission COamMnder's role, there is the 

question of what persans might be candidates for that role. whether the 

position of Mission COamMlder in ssoc will be restricted to NASA 

Astmnauts or open t o  crewnmbrs f m  Japan and Europe is yet another 

mseamh/design issue for NASA to address. A similar issue, too, arises 
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w i t h  respect to the lieubmnts and ather officers on board the space 

Sta t ion .  

Conflict in  social systems can manifest itself i n  diverse forms. 

Typical f o m  include argumentation, social llfriction,ll interpersanal 

disliking, attitudes of distrust, passive refusal to cooperate, ard so 

on. 

forms such as physical violence. 

Of  cause, when conflict becanes mere it w i l l  Elmerge in still other 

Althmgh the evidence on this point is largely aTheCdotal, relations 

anrmg crew mmbers in earlier NASA space flights have been hammi als. 

?here is little widence of serims conflict or d i s a w t s  amog crew 

members themselves. ?here is, haever, some widence! that d i s a m  

have occwred between space - on one hand and Mission control on the 

other (Pogue, 1985; Balbaky, 1980; Cooper, 1976). The source of these 

cunflicts appears to have been task overload or lock-step regulation of 

crew activities imposed by Mission -1. 

Except for the loqer flight duration, there is no reason that 

conflict in the IOC social system w i l l  be gmater than that during 

prwious NASA space flights. ?here may again be sarne disagreements 
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between the crew and Mission control, but pmbably not nu& conflict among 

crew ImnberB thenrselves. 

In Ssoc, however, the situation is different. lhere is more potential 

for interpersanal a n d h t e q m u p  conflict in ssoc than in IOC. 

salrces of conflict i n  ssoc 

 he risks of conflict are higher in SsOc than in IOC because the crew 

w i l l  be differentiated into fllbgraups and d e c a t m l i z e d  w i t h  respect to 

decision%akiq. First, Ssoc W i l l  inclub mre Payload Specialists 

than IW. Each such penson w i l l  have his or her special goals, which 

means that the ssoc space station will  be pusuirrg more muplex 

(mlti-objective) goals and that decision-- w i l l  be more 

Aarprrtr;l'lized than in IOC. lhese diverse goals may be (scollewhat) 

inccmpatible, and caordination w i l l  be more mlematic. 

as significantly, the inclusion in  Ssoc of several nationality 

g m q s  w i t h  d i s t i m t  identities (USA, Japan, Eurape) creates the potential 

for intervrrrup conflict. mther conflict actually erupts amng members 

of differerrt subgroups deprds on inccanpatibilities amng the different 

mles, values, and goals of these persons. The fact that these mbgmups 

w i l l  be housed in distinct physical HlDdules w i l l  prabably heighten 

cohesiveness w i t h i n  the subgroups and thereby increase the likelihood of 

friction between subgraups. ?he added fact that m i c a n s  may be in the 

minority (or, a t  least, not i n  the majority) on boazti the Space station in 

Ssoc cmld make the situation wen mre volatile. 
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Althaugh it may be only partially relevant to SSOC, resear& an 

Earth-based systems shows that integration is prablematic in social 

syst0nshavingmanyrmbgrcrclps. SystemsofthistypaaremorevulnerabLe 

to higher levels of conflict, mis-aordination, lack of cooperation, and 

mistrust than are systems having no subgrcrups. ~ o t  surprisingly, conflict 

between subgrcozps is especially likely to cccur when they have divergent 

objectives or interests (Cmgbell, 1965; sherif et al., 1961; Diab, 

1970). Moreover, when conflict does cccur in social systems of this type, 

it often is more severe (i.e., more m r a u s ,  more divisive, mom 

difficult to resolve) than that occ=urring in systems hav- no distinct 

subgrerups. This happens because, in systems with distinct subgrcups, 

conflict is not just d i s a e  amxq pasons as indivictuals, but anrmg 

persons as agents of subgraups. 

In sum, NASA has chosen to deplcry a hetemgeneous, differentiated sSOc 

social system in which the risks of conflict are higher than a d  be the 

case in certain other types of social systems. The risks a d b e  less 

severe, forinstance, hadNAsAchosentodeplayanSSOC~momlike 

that in IOC - i.e., a system where crew members have a uniform 

nationality (USA), single native language, unitary goals, centralized 

CollIoMnd structure on the grcrund (NASA), single living M e ,  and so on. 

The 3hportance of Avoiding Conflict 

No assertion is made hem that conflict, mbhust  , and lack of 
coordination are inevitable in the ssoc social system. It is M y  beirq 
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suggested that conflict is more likely in SSOC than in IOC. conflict 

occurring i n  SsOc will probably be of low-to-moderate intensity (not 

severe intensity) , and w i l l  pmbably appear in such form as 

-tian, friction, and distrust (not physical violence). 'Ihere w i l l  

be 110 need to install a jail on the SSOc space station. 

It is assumed here that NASA w i l l  w i s h  to avoid conflict in SSOc. The 

primary reason for this is cost. 

aloft is very high (est. $40,000 per man-hcur), and it is obviously 

undesirable to waste time through lack of coordination or, wrse, thruugh 

the need to resolve open conflict. 

The dollar expense per crew man-huur 

A second reason for ami- conflict in SSOc is that conflict in 

That is, an initial conflicted social systems often feeds on itself. 

mcamter may lead to hard feelings, disliking, and attitudes of distrust 

taward out-group menbers, as w e l l  as the developent of Cognitive biases 

and 

?his makes subsequent coaperation harder to achiwe, and may even 

intensify the pmtdem (i.e., %sc&tation of conflict'*) . 
conflict changes the attitudes and beliefs of people involved, and this 

change is often for the wrse when viewed fm the stmtipint of system 

performance (Cooper and Fazio, 1986; Michener et al., 1986; Pruitt and 

(Wilder, 1981; Brewer, 1986; W i l d e r  and Cooper, 1981). 

InterpersandL 

Rubin, 1986). 

In the following sections, then, consideration is given to various 

means by which NASA, thracagh its design efforts, can redluce the risk of 

conflict among the crew in SSO~.  lhese means include the alignment of 
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goal structures, pat- of social interaction, and selection and 

training of cmw members. 

underlying this discuss ion is haw to design the SSoC social system to 

avoid or minimize interpersondl conflict; a related issue is how to equip 

the crew w i t h  techniques t o  resolve conflict ( if  it occurs) in a mmer 

thatis- 've fm the s m i n t  of the larger system. 

?he fmdamental research/aesign issue 

Conflict Avoidance via Goal Structure 

Variaus approaches are available to NRsA for avoiding and/or reduchxj 

conflict in  the SSoC social systern. One of the more effective is to give 

close attention to the design of, and aligmmt among, subgmup goals. 

me ImportaM=e of Goal Alignment 

As noted above, apposition of interests among subgmqs in 

differentiated social systems is an inportant factor pmduchxj conflict. 

W i t h  apposition of interests, overt conflict frequently occurs; without 

it, there is no reasan for conflict to occur (-1, 1965; Sherif et  

al., 1961) 

In I=, there will not be mch oppasition of interests among crew 

mmbers. 

objective function that specifies what s h a d  be maximized by system 

performance). ?he main mission w i l l  be to f ly  the space Station and to 

carry out evolutionary expansion of the .station via construction. CSew 

members w i l l  not be mrking a t  ~.oss-pwposes. 

The Space Station w i l l  have a single &erent goal (i.e., an 

In contrast, during SSOC 
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the space station will have a mre capla objective function. It may 

even have xnm than one objective function because, in addition to the 

function for the entire system, there may exist separate sub-functions for 

each of the rmbgrcups on board. conflict might arise, for instance, over 

manpmer schedulirrg or over allocation of scarce resaurces such as 

electrical puwer. 

several subgrcplps on board may have (or develop) goals that do not 

snmthly w i t h  those of other subgraups. 

In SsOc there w i l l  be a t  least scm risk that one or 

An importarrt -design issue for NASA is to  specify objective 

function(s) for the ss0c crew such that the attainment of goals by ane 

subgrarp does not prevent the attairmrent of goals by sane other 

subgroclp(s). 

productivity; conversely, ill-cmceived or misaligned goals w i l l  doubtless 

well-conceived kjective ftmctians w i l l  pmmte hannony and 

generate interpersanal and intmxpup conflict. 

One approach to aligning goals Ssoc dqruups is to establish 

objective functions that enbody what are called ~kupemxdinate goalslt 

(Sherif et al., 1961; Blake and Mouton, 1968, 1976, 1984) 

superordinategoalisonethat (a) i s h e l d t o b e h p r t a n t b y = c h o f t h e  

subgmup Ccsnprishq the laqer social system and (b) can be attained only 

through cooperative interaction amng subgrcplps (i.e., cannot be attained 

by a single subgraup acting alone). superordiinate goals a high 

coincidence of in- amng diverse subgraups. 

A 
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- an Earth-based social systems has Shawn repeatedly that 

superordinate goals inhibit conflict amarrg mkqmups. Moreover, in social 

systems where the subgmqs a m  dLready mgaging in open conflict, the 

htmductian of new superordinate goals can mitigate or resolve conflict 

(Sherif et al., 1961) Supemrdhate goals reliably hpruve cooperation 

and reduce conflict a m q  subgrxlps in a l q e r  system. 

lhere may be smeral ways to incorporate mrperordinate goals in the 

i-w design of the ssoc social system. one particularly interest 

possibility is to include such goals in the canplter so- used an 

board the space station. ' M s  becumes especially viable if NRsA uses some 

kind of 'project scheduler" software to assign tasks to crew membem. 

software of this type entails optimization in some fonn or another; when 

designing this software, NASA will have to decide exactly what is to be 

optimized. 

not merely llpmductivity,ll but also system integration. Bath wncerns 

are important. 

an q p r t u n i t y  to expressly hcozporate goals that bird the SubgKxrPs 

It is suggested here that what should be optimized in SSOc is 

Rre design and use of project scheduler software pruvides 

toseuler. 

An alternative appmach to godl design is to treat the relations amang 

subgrrrups in SSOc as a set of n-person games (Shubik, 1982, Owen, 1982, 

Vomb'ev, 1977; Lieitman, 1976). That is, the subgrcrups in SSOC might be 

viewed as players having (sanewhat) apposing interests in n-person 

--sum games. These games a u l d  be analyzed to identify points a 720 



of amtention between subgroups and likely outcxms of amflict. 

Specifically, one might f i r s t  identify a set of ScMariOs (situations) 

that could arise on board the Space Station, and then treat ach of these 

as a distinct n-persan game. W scenarios might include such evats as 

EvAs, health emergencies, payload exprinmtation, space debris 

emergencies, etc. Each could be analyzed in tenus of the likely 

equilibrium autCane UTder saw solution concept (e.g., the Nash 

non-the equilibrium). F4esults of such an analysis wmld shuw the 

extent to a c h  the subgraups have apposiq htemsts and inaicate whether 

they cnxlld play a strategy 1- to an ou- that is not desirable 

collectively (i.e., not pareto optimal). 

Ihe point of coslauctiq such an analysis is not only to anticipate 

issues over which amflict might erupt, but evatually to design the 

subgrarps' &jective functions to assure that the payoff matrices for mst 

n-persan games played on board lead to a benign equilibrium. 

a 

F w x m s  w i t h i n  NASA are familiar w i t h  the game theoretic appoacht 

NASA used game theory to resolve canflict arrw~lg grclups of engineers with 

ccanpetiq 

spacemaft. 

ssoc. 

regarding equipmt to be placed on the Mariner 

There may be apportunity again to use it advantageously in 
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D R A F T  

Another broad approach to avoidance of conflict in Ssoc entails 

intentional stmcturing or channeling of social interaction amang crew 

members. In particular, NASA might (a) design the supervisory-amtml 

stxuctum so that it detects and resolves conflict readily, (b) stmchre 

the interpersanal contact on board the space Station to minimize the 

pmbability of conflict occurring, and (c) structure cammication on 

board so that mssage-type maps into media-- in a way that lessens the 

pmbability of conflict. Each of these is discussed belaw. 

Usually it is better to prevent conflict before it arises than to 

atteqt to resolve it after it has escalated. For this reason, when 

designing the supewisory-contml struclture for SSOc, NASA may 

w i s h  to include what are termed %oundaq-spamhq roles" (Adam, 1976; 

Wall, 1974; Katz and Kahn, 1966; Holmes et al., 1986). These are roles 

the OccupantS of which perform functions that link subgrcups together. 

For htance, persans in bouthry-spannhg roles may Cammunicate across 

grarps on sensitive issues, or senre as representatives in decision-mkhg 

that affects the relations between fllbgroups. 

system w i l l  cuntdn several fllbgroups, the inclusion of bundary-spanning 

roles in the laryer system may help to avoid conflict between groups and 

to resolve conflict should it cccur. 

muse the SSOC social 
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In systems withart --spanning roles, one typical comqwwe of 

conflict is a mduction or cessation of cammunication between the 

parties. Any such reduction of ccammurlcation wmld obviausly be 

urdesirable in Ssoc. Ihe use of baundary-spanniq roles in SSOC may be a 

way of establishing - and of keeping open - channels between the 

nationality gmups on board. ~n addition, ~ccuparr t~ of -- 
roles can also serve as negotiators with respect to points of contention 

-rmbgrarps* 

In sum, the use of boundary-spanning roles in Ssoc may pmide a 

mechanism for avoiding conflict. Ihe research/aesign issues for NASA are 

exactly what roles, if any, to include in Ssoc, and how 

to interface these roles with the activities of the space station's 

Mission caarmander and ather azEministrators. one possibility in this 

regard is to design the role system such that persons 

lieutenants to the Mission COamMnder will also function as 

--wan==* 

w i l l  sewe as 

A related -design issue is haw best to structure in- 

m c t  amq regular czew - to pmmte cahesive, non-polarizing 
relations amq subgrarps in SSOC. 

Research on Earth-based systems suggests that NASA might reduce the 

p m i l i t y  of conflict be- groups by assigning tasks to 
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w i t h  an eye not just to getting work done, but also to proarothq 

coaperative contact and interdepenzlence amMsg persans froan different 

mbgmups ( A d r ,  1969; Womhel et al., 1977, 1978; Deutsch, 1973; worchel, 

1986). 

different nationality graups work on an intezdependent basis. Urder such 

an arrangement, both Americans and Eurapeans wmld do EVA, both Japanese 

and Europeans wmld do payload operations (experiments), and so on. ?he 

situation to avoid is one where the Japanese do all the m, the Eurapeans 
do all the payload operations, the Americans do all the flying, etc. ?he 

key is to create task-- and cross-linkages m nationality 

-* 

For hstance, NASA might assign tasks such that persans f m  

Another- ' overlap is that between Astronaut Pi lo t s  and Payload 

Specialists. 

Ssoc, there may nut be much opportunity for task overlap between these 

gmups. 

assigned to pronrote collaboration. Same AstroMut P i lo t s  might be 

assigned to candllct payload experiments on an interdepen%nt basis w i t h  

Payload specialists. win, the abjective is to create ties across 

=m=4?s* 

If  there are only four or six Astronaut Pi lots  on board in 

I f  there are marry Astronauts on board, h-er, tasks can be 

Beyond task interaction, NASA may also find it possible to stmctum 

ncm-task activities anmrg crew nrembers i n  such a way as to develop ties 

across fllbgrcplp baurdaries. Of course, most waking hours each day w i l l  be 

spent on tasks (12 -/day) ; crew membem w i l l  have little t h  for 

non-task activities. Yet, non-task interaction may prove important in 

creathq and maintaining positive attitudes and trust across fllbgraups, i n  
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part because the size  of the SsOc crew w i l l  preclude all  members frm 

interact- w i t h  one another i n  a task rode. 

saane research on Earth-bas€d systems shcrws that info& contact 

across s u b g m q ~  is mst effective in s- ' inteqmupbon3swhen 

it is collducted on an equal-status bash (Amir, 1969, 1976; Norvell and 

worchel, 1981). Exactly haw to do this in SSOC is an open issue. For 

instance, it may be desirable to assign spatial living quartem to create 

cross-linkages amng nationality grarps. 

astronauts to sleep in the Japanese module and the Eurapean module, assign 

Japanese and Eurapean astroMuts to one another's modules and to USA 

module, etc. Alternatively, it may pmve desirable to have crew members 

of different subgrcozps eat together (this w i l l  not carry special meanirrg 

for Americans, but it may for the Eurapeans). How to structure informal 

contact in SsOc to 

issue for NASA. 

mt is, assign same USA 

inteqrmp bonds is an open researrh/aesign 

Conflict and ccumnnu 'cation 

The caamrolnication system on board the space station in soc w i l l  

differ fran that in IOC. 

be larger (i.e., contain mre nodes) than t ha t  i n  IOC because the crew 

w i l l  be larger in size. ~~ remer ,  the total cammication flow (mrmber of 

The s ize  of the SSOC Cammunication netmrk w i l l  

messages sent) will be higher in ssoc, although the messages per crew 

mexlbermayremainabautthesame. canmanu 'cation flows in ssoc w i l l  ' 

reflect the clustering of crew members into subgraups; flows w i l l  be 

higher within and luwer between subgmps. 
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Frow the stamlpoint of conflict and conflict resolution, however, the 

most critical difference IOC and SsOc w i l l  be the media of 

amnumication used. Ixlring IOC, when the space Station w i l l  have a small 

mew hnused in a siqle module, a significant praportion of cdamrmniciltion 

w i l l  doubtless be face-to-face. In SsOc, with a laryer crew dispersed in 

several mdules, a smaller praportion of cmnnmication will be 

face-to-face and a larger proportion w i l l  occur via other media such as 

telephoneandelelectrrrm 'c (cxaqxlter) mai l .  This will resul t  naturally 

because Ssoc crew members w i l l  have t o  amnumiate w i t h  others in mmte 

locations in the space Station. 

Ihe shift in amnumication media between IOC and SsOc may be important 

because the varims media have different properties. Tel- and 

amputem, for example, do not convey sane types of information as fully 

as the face-to-face channel (Mehrabian, 1972). Face-to-face ccamrmnication 

transnits linguistic, paralinguistic, kinesic and proxemic cues, while 

electrQnl 'c (cxaqxlter) m a i l  transnu 'ts linguistic cues cmly (connors et al., 

1984: Danfod et al., 1983; Hall, 1968) . 
that non-face-to-face media carry less information about personal 

relations and feel-. 

fractionatbq conflict, heavy use of non-face-to-face media in SsOc may 

produce undesirable cansequences. 

One important a m e c p m x  is 

!thus, i n  view of the SSCC system's potential for 

ccnrputer-mediated caanrrmnication is especially problematic in this 

regard. 'Ihe effects of ccanputercmediated cammunication are not yet fully 

understood, but it is increasingly clear that this medium is good for some 
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puposes, poor for others. wter wnferenciq tends, for instance ,to 

incmase equality of participation mre than face-to-face conferenciq 

(Jahansen et al., 1979) , which m y  improve the potential for circumspect 

wnsiderationof issues. Electmu 'c mail is not, however, a good medim 

b y l d l i c h t o c a s l d u c t ~  or to resolve amflict, 

because it can foster one-sided proclamations and policy statemnts 

cmched in comepts not shared by participants. mre generally, 
-mediated coamrmnication m y  be less effective than face-to-face 

ccmnntnication for reaching wnsmsus on issues whexe the ~kmzectll answer 

is not obviaus. 

cammication saanetinres leads to polarization and flaming (Kiesler, et 

al., 1984) 

SSOc, given the subgmup differentiation projected for the social system. 

In addition, resear& shows that use of ocarpxltermediated 

Behavior of this type would be especially urdesirable in 

The burden placed on cmputer-mediated ccamrmnications will inmease in 

SSOC in the sense that failures to Camrrmnicate adequately may have mre 

serious in ssoc than in IOC. 'cation failures will 

assume higher criticality in ssoc due to the differentiated nature of the 

social system. 

face-to-face interaction; to rely heavily on media that filter information 

in -&able ways will make the CamnaULication prablem even worse. 

TO coamrmnicate a- cultures is difficult enough via 

Thus, a general research/aesign issue for NASA is hclw may the SSOC 

crew best use the communication media on board the space Station to 

pranrate non-polarizing interpersonal contact and to create cross-linkages 

belxeenlrmbers of subgrcRzps. 
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A t  the least, NASA may w i s h  to develop an lletiquettell ' use of 

the varims mdia on board. M s  may include not only rules for the use 

of media, lxrt also rules mgardmg ' what types of messages are to be sent 

over which media. 

interaction effect beb+een media type an2 message type on ccwnumication 

effectiveness (Geller, 1980; Danford et al., 1983). In  view of this, one 

approach to the SsOc capmrmnication problem is to seek a match between 

media and the type of message being sent (i.e., where I l t y p e 1 l  refers to 

message content coded fram the s m i n t  of its functionality for the 

social system). That is, t o  achieve high camnavlication effectiveness, 

s e n d s a m e t y p e s o f m e s s a g e s b y o n e ~ ,  othertypesbyother 

channels. To achieve such regulation, the space Station w i l l  need noms 

specifying what types of messages are sent via aquter mail, what types 

via telephone, and what types via face-to-face contact. ?he exact nature 

of these noms is an apen issue. 

s~ane theorists have hypothesized a (statistical) 

a 
Cmflict Avoidance via Selection and Trai.nbx~ 

NASA has traditionally placed great enphasis on selection and 

training of its crews. Selection and t r a u  w i l l  continue to  play an 

important part in IOC and ssoc space Station operations. ?he putential 

for conflict in SSOC, hclklwer, inplies that when NASA mes fram IOC 

tckJard SSOC, it may wish to make same adjusmts both in the criteria 

used to select crew rmnbers and in the content of Astronaut training. An 

important -design guestion is what should be the nature of these 

changes. 
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Crew ccpnpasition and selection 

certain obviam shifts will OCCUT in NASA crew selection activities 

fram IOC to SSOc. First, the number of persans selected will hcrease, 

because NASA will be flying larger crews. second, the skill-mix of 

persans selected will shift; ccarpared with IoC, a larger pruportion of 

crew 

Pilots.  'Ihird, the nati-ity of persons on the space station w i l l  

change, to include Japanese and Eumpeam. 

will be Payload Specialists, a smaller pqrtion Astronaut 

Less self-e!vident is that, when moving f m  IOC to ssoc, NASA may find 

it mxssary to w e  its crew selection criteria. To enhance 

integration of the SSoC social system, NASA may opt for crew members who, 

by virtue of their backymund, can sewe as linking-pins across 

subgraups. For example, in SSoc there may be a premium on crew membem 

who have a ba- of cross-culturdl or international experience, or 

who are multi-lirrgual (e.g., NASA AstroMuts who speak m, or who have 

lived in Japan). Alternatively, NASA may choose to %anufacturell persons 

with such baclqmmds by, for example, having its pilots live in Europe or 

Japan for several years. 

a 

Another possible change concerns the personality profile of the idea 

-ut. 

persons who are high on in- conptibility and who date well to 

others. 

applicable to small gruups of 6-8 than to larger graups of 20-30. Rarely 

does one find a group of 30 persons, all of wham are interpemonally 

In IOC, with &l crew size, there will be a premium on 

The amcept of in- compatibility, however, is mre 
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ccanpatible. Rws, in SSOC, the -is on ccanpatibility may fade and 

give way to ather irrterpersanal skills, such as diplomacy. mre 
generally, a researrh/aesign issue for NASA is to discover which prsonal 

attributes of crew members best senre to enhance linkages between 

subsroclpsinSSOC. 

Astrrmauts f m  different countries and reared in different cultures 

will hold different expectations zeganhq ' patterns of social 

interaction. 

flight, scane will seriously affect interpersonal sentiments. 

-,respect-- treatment amng the Japanese looks 

different frcan that among the Americans or the French. Without adequate 

Preparation, s will arise ammg crew members. NASA may ' 

wish to address the implications of this when training ~~troMuts for 

ssoc. 

Althcprgfi these may not affect the technical aspects of space 

For 

-is this section had been on avoidance of conflict. 

Even With the best preparation, however, sane conflict will oaxr in 

SsOC. For this reason, NASA may wish to train crew members in conflict 

resolution techniques. when persons are under stress, sane forms of 

catmumication and negotiation are more effective than others (Pruitt, 

1981; Rubin and Bruwn, 1975). Useful. conflict management skills in 

American society include: reflective listening, assertion skills, ishe 

control, structured m e  

and collaborative problem solving (Bolton, 1979; W a l t o n ,  1969). Whether 

' emotional aspects of a wntrwersy, 
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these techniques will work in a cmssdtural  context like the SSoC 

social system is an apen issue. 

them in its training regimen. Their use could haease crew's 

effectiveness in deal.@ w i t h  in- 

on board the space station. 

exactly what wnflict resolution skills shauld be taught to crew umbers. 

If they do work, NASA may wish to include 

when they arise 

~n sum, an important msecch/design issue is 

COPING WrlH -Y-INwcED CRISES 

Crisis: A Definition 

As used here, the term %risisI1 refers to a c- in which 

sanething threatens to destmy or impair the social system on board the 

Space Station, and whi& therefore requires an inm&iate msponse f m  

cmw membexs (as well as fram Mission control) to assure the continued 

functioning of the system. Crises can be precipitated by many different 

ev-. 

air-loss OC(=UIF, causing the cabin pressure to decline sharply, (b) a 

sudden loss of power occurs, (c) a crew member becanes seriously ill, (d) 

same space debris collides with the space station, pmducing serims 

damage, (e) one of the bi0-experkt.s on board goes awry, releasing 

paulbsens or - that pose a threat to humans, or (f) fire erupts 

on board the space station. N s  list is illustrative, not exhaustive. 

For i n s t axe  , crises might result if: (a) a sudden leak or 

Most of the events listed here are improbable, in the sense that they 

will occur only infrequenuy. m e r ,  the Space Station will operate in 

a perilous enviranment for a planned 25-30 years and, &le the 

prabability of a crisis on any given day may be lcw, the odds of avoiding 
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c r i s e s  are nudl less favorable over the Azll span of 25-30 years. 

Although not inevitable, one or sweral crises are probable during the 
t 

qerational lifetime of the space station. 

Normal Operating Mode vs. Crisis Operating Mode 

Ihe O f  IUally SyStelUS in Mt"e is COnt.XOlled by t h e m  h 

which the system might fail  (van Neumann, 1966; Weinberg, 1975) 

wrds, ~ t ~ r a l  systems often incorporate sane precautionary me2~sures t o  

prevent failure, or at  least to prevent a failure fm be- lethal. 

Social systems also display this characteristic, and they often cape w i t h  

crisis and failure by having several distinct operat- modes, such as 

llno& operating modell vs. I l c r i s i s  operating m o d e . I l  

mode, when the environment is not disruptive, the social system conducts 

llbusiness as usual." Iiuman plans drive the action, and the enphasis is on 

productivity ard performance. H o w w e r ,  in crisis operating mode, when the 

social system mspakis to envirwnrrental threats, there is a shift in the 

social system's cbjective function. ?Ize predcgninant goal in crisis mode 

beaanes that of assurirrg the very survival of the system, and activities 

are reorganized i n  terms of this goal. Environmental cmtirrgencies, not 

human plans, drive the action; persons in the system beccnne mre reactive 

and less proactive. 

In ather 

III normal operat- 

Most likely, the IoC and SSOC social systems w i l l  use severdl 

operating mdes. lhey may even inplemnt distinct crisis 

aperating modes, cmtingmt upon whatever types of crises occur. 

N e v e r U ~ l e s s ,  crisis mnagenmt in SSOC prabably w i l l  differ fm that h 
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IOC, in part because the shift fm normal mode to crisis mode w i l l  be 

mre difficult to acccmplish in  soc than in IOC. 

crisis Management 

crisis Management in IOC 

cr is is-manage is never easy, but the characteristics of the Ioc 
social system w i l l  equip it -1 to respand to crises when they arise. 

Ihe small s i z e  and great hcancgeneity of the crew, the housing of the crew 

i n  a single habitat module, and the nature of the supervisory-cmtml 

structure w i l l  enable the IOC system to switch quickly to crisis aperating 

mde fropn no& operating mde. 

establish centralized control of c r a ~  activities, (b) as- adequate 

information f law am~ng nmbers, (c) create the potential for clear, 

consensul decision-, (d) rapidly establish coordination amang crew 

members, a rd  (e) apply the greatest expertise available to the pmblem. 

III social systems, these are desirable features under emergency 

conditions. 

III Ioc, crisis aperatiq mode will (a) 

?he IOCts supervhry-contml structure, assumed to be patterned after 

a hieramhim 'Fmilitary COBnmand I1yxiel,tl w i l l  function fairly well during 

a crisis. Because camaxd is centralized, the system w i l l  hold together 

and coordination of action w i l l  be attainable even under stress. The 

hieraxhical structure w i l l  enable the IOC system to focus resaurces, 

restrict mn-adaptive reqxmes (such as argumentation or countermanding 1 ,  

and achieve an adequate level of canmicatian among crew members. In 
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general, it can pwide the high level of in- organizatian 

neededtorespondtocr~. 

crisis Management in ssoc 

'Ihs SsOc social system will have more resmmes than the IOC system to 

deal with c r h .  

anticipate crisis-precipitating events before they ham, its 

expert-system software may provide mre accurate diagnoses of problems, 

and its crew may hclude a greater mix of skills useful during crises. 

Nevertheless, crisis-nmagement in SSoC will present its own problems. 

For -le, its hardwam may have better sensors to 

'Ihsinci~ofcrhmaybehigherinssocthaninIoc, becausethere 

will be more things to go wrcnsg. There will be more -members to get 

sick, more are21 to get hit by space debris, more bieexperiments to blow 

up, mre on-bcard hardware to malfunction, etc.  reov over, the 

oryanizatioml form of the SsoC social system will make it more difficult 

to respond adequately to crises. The SsoC system may have more difficulty 

swi- froan normal Operating mode to crisis aperating mDde than the Ioc 

Systezn. 

?he ssoc social system will be larger, more Cmplex, and more 

differentiated than I=. M o w e r ,  as noted above, supervisoq-control 

and decision-makixq in SsOc will be decentralized in normal aperating 

mode. The presence of different nationality groups and of many Payload 

specialists performing diverse tasks will create a heterardu 'cal 

supemisory-contml structure. If a crisis arises, the 

s u p e m i s o r y ~ l  structure in s s o c ~ t  coordinate the respMse of 
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dustmzt fllbgroups living in different physical m e s  and Exusuing I .  

divergent goals. 'Ibis task is not impossible, but it will be more 

difficult than in ICC. 

In all likelihood, a shift frum normal operating mode to crisis 

operat- mode in ssoc will entail a quick move f m  a decentralized 

hetemrchl 'cal structure to a centralized hi- 'cal one. Failure to 

move back to a hierarchy during a crisis in soc will leave the system 

vulnerable. 

crisis, it wuuld risk lack of coordination among crew members, 

less-than-optimal deplayment of resources to deal with the problem, and 

If the space Station relied on a dece&nlized system dur- 

perhaps even disagreement over the best type of respome to the 

emergency. 

Although a shift frum heterarchy to hierarchy dur- crisis seems 

likely, the exact form of SSOC cammand during crises is an open 

-design issue. canford et al. (1983) have suggested that it would 

be appropriate to have control dur- crisis rest in the hands of a 

specialized safety officer or %risis leader." This scheme has .same 

merit, but it m y  also create excessive camplexity because that it 

requires yet another form of control beyond the heterarchy-plus-Mission 

Camzder structure discussed above. A superior alternative might be 

shply to recentralize control dur- a crisis arcrund the regular leader 

(Mission cammander). 

Recentralization amud the Mission cammarder will work best if NASA 

trains crew members in specific skills for dealing with different types of 
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crises. Wt is, s ~ n e  crew members w i l l  be specialists in capw w i t h  one 

type of crisis and other crew members w i t h  another type of crisis. Thus, 

when a crisis occurs, two things w i l l  happen. 

coordinate arrxlrd the Mission CaamMndert and second, the Mission 

Cmmmikr, assisted by those persons who are specialists in  the particular 

type of crisis a t  hand, w i l l  direct the efforts of the entire crew to cope 

w i t h  the emergency. 

strengthened cammand to bear in a crisis. 

F i r s t ,  crew members w i l l  

This amroach brings both special expertise and 

A related research/aesign issue wncems the use of A I  and 

ccnnpvterization to aid decision-fiaking during crises. 

diagnose the causes of 

as the Space Station moves fm IOC to Ssoc, and these may increase the 

speed and accuracy of the mew's efforts during crises. l'b some degree, 

expert systems w i l l  be able to supplement (even supplant) the knuwledge 

Expert systems that 

fail- w i l l  be aperational increasingly 

andexpertiseofcrew-. Ontheotherhand,useofAIsystemsin 

the analysis and diagnosis of life-threatening events raises the issue of 

trust - to what extent w i l l  crew members t r u s t  software-based diagnoses. 

'Ihe use of AI may affect nat anly how the crew is organized t o  cape w i t h  

crises, but also what mix of skills is (and is not) placed on board and 

how crew members are trained. These are matters that can be addressed 

thrargh reseuxh and design efforts. 

One findl -design issue wncerns the impact of 

cmputer-mediated cammunication during crises. As noted above, 

-dated canmarnication w i l l  be even more important and prevalent 

in SSOC than in IE. whether ccmputemnediated communication enhxes  or 
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inhibits satisfactory resp~ses to crises is an open question. It was  

noted abuve t h a t  c q m t e r - e a t e d  ammudcation may be less effective 

than face-to-face cammunication for rea- cmsenms on issues where the 

%orrectl~ answer is not obvious. Same crises on 

may have clear-cut diagnoses, but for those that do nut, ccnnputerymedl ' ated 

cammunication may prove more a liability than an asset in achievig 

adequate zespone from the mew. 

-dated coarrmunication big crises is an important research 

topic. 

the Space Station 

(in)effectiveness of 

SUMMARY OF RESEARCH AND DESIa ISSUES 

T!I& pper has discussed issues that arise in the design of the SSOC 

social system. Attention has been given to three broad problem areas: (a) 

the characteristics of the SSOC supervisory-control structure, (b) the 

potential for conflict within the crew, and (c) the capacity of the SSOC 

system to respond to crises i f  they arise. 

are fllmmarized below. 

specific resear& suggestions 

One inportant -design issue for NASA is what type of 

Supewisory-cmtml sixwhre w i l l  best serve the SSOC social system, in 

the sense of providing the greatest efficiency and highest probability of 

mission success. 

structures that might be deplqed on bcard the space Station - 
There are a wide variety of flzpewisory-contrOl 
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hierarchical, equalitarian, helzemrdu 'cal, etc. - and the exact mture of 

the system to be used is an open issue. 

It has been pruposed here that the Space Station's supervisory-contml 

structure w i l l  take the form of a hierarchy in IoC, and that it may 

mbseqmntly shif t  in the direction of a heterarchy in SsOc. 

really no mre than a conjecture, hcwever. 

regarding the form of supervisory-contml structure to be used in I ~ C  and 

SsOc on the basis of trial-ard-ezmr or past experience with space flight 

supervision. Alternatively, it might make  the^^ on the basis of research 

findings, such as those obtainable from simulations conducted on the 

grcxmd. 

'Ihis is 

NASA can make decisions 

specifically, it was sugyested above that NASA might e 
simulations to test various outcaws from different supervisory-contml 

structures. 

replicate those faml in space - e.g., high stress, high noise, 
restricted communication, 90-y duration, tasks similar to those done in 

space, and so on. Major outcam meafllres include prortuctivity levels, crew 

satisfaction, lack of conflict, adequacy of response to emryencies, etc. 

Multiple replications a d  be run on each of several alternative 

supenrisory-contml structures using experimental designs. 

shcnild prcnride a useful Mcation of how the alternative 

supemisory-~l structures will perfom in space. 

These simulations would be done under conAitians that closely 

W msults 

One design sub-pmblem is to determine the apprapriate division of 

cxmtrol betxeen space Station cxew and Mission control on Earth. One 
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concrete manifestation of this problem is the issue of who should have 

control over the crew's day-to-day task assignments. 

including the use  of AI project planning software to accomplish task 

assignments, were discussed. 

Various suggestions, 

A SeCQnd design sub-problem is to &tennine the appropriate division 

of -1 within the space Station's ~ . e w .  

specialists in SSOC will be afforded same degree of h@en%ne with 

regard to their particular activities, but the exact range is unclear. 

The Mission cammander's role during SSCC will likely shift toward 

coordination of other's activities, but the exact definition of the role's 

prerogatives and powers is problematic. 

PreSuIMbly the Task 

A related issue is the selection criteria regarding crew officers: 

this matter is made mom ccrrrrplex by the inclusion of crew m e m b e ~ ~  fram 

other space agmcies (Japan, Europe). Whether the role of Mission 

cammder will be restricted to NASA Astronauts or open to crew members 

fram other countries is a research/aesign issue that NASA might address. 

Issues Reganbg ' Crew conflict in ssoc 

?he risks of interpersanal and inteqmup conflict will be gmater in 

SsOc than in IOC. ?his is true in part because the SSCC system will 

include many fllbgrcorps with distinct identities (Task 

specialists/AstroMuts; and UsA/Japan/Eurape) The broad -design 

question for NASA is what safeguards to build into the SSOC system to 
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e reduce the pmbability of overt conflict occurring, and to resolve 

conflict if it occu~s. 

A wide variety of steps can be taken in the design of the SSOC system 

to reduce the probability of conflict. sane discussed in this paper 

h l u d e :  

(a) specify objective fmction(s) for the SsOc crew such that the 

attairaent of goals by one subgroup does not prevent the attainment of 

goals by other subgraup(s). Approaches to this include the use of 

superordinate goals and game-theomtic analysis of fllbgroup interaction. 

One mplementation might involve cmputer software (project scheduler 

routines) to optimize not just productivity but also grcrup overlap. 

(b) Incorporate baundary-sPanning roles in the SSOc social system. An 

open question is how to interface these roles with the activities of the 

space station's Mission COnmMnder and ather officer&. 

(c) structure in- contact amng crew memkrs  to prmwte 

cohesive, non-polarizing relations across the fllbgraups in SSOC. 

members might be assigned tasks with an eye to creating interdepMdence 

and cross-linkages betwen nationality groups. Likewise, module living 

and sleeping assignrmts might be made to pramote contact across 

nationality groups. 

crew 

(d) U s e  of the cmmnication ndia on board the Space Station to 

proanote non-polarizing in- contact and --linkages between 
740 



' a  members of subgrazps. ccanpltermediated Coamnunicatian is especially 

problematic in this mspeet, for it may mrsen, not impme, the pmspects 

for intergrcerp conflict. 

fletiquettegt ' use of wnputem for cammunication. 

NASA may w i s h  to develop sartle rules or 

(e) WlhenmovirrgframIOCtuwardSSOC, ~ ~ ~ ~ m a y n e e d t o r n a k e s a m e  

adjustments in the criteria used to select crew members and in the content 

of Astronaut training. 

is to discaver wh ich  persondl attributes of crew members best serve to 

enhance linkages between subgmqs in ssoc. Another issue is to determine 

In this regard, a research/aesign issue for NASA 

what wnflict resolution skills should be taught to crew menbws. 

?he SSoc social system may have more difficulty than the IOC system in 

mabil izhq to deal w i t h  various crises and emergencies on board. 

w i l l  occur not only because SSOC is a larger system, but also because it 

is more heteramhl 'cal in form w i t h  decentralized decision--. 

broad research/aesign question for NASA is how best to structure the SsOC 

social system so that it can n-&ilize adequately for crises. some mi- 

have suggested placing control during crises in  the hands of a specialized 

safety officer or !lcrisis leader.!' This praposdl has some merit, but a 

better alternative my be to recentralize control arcrund the regular 

Mission Ccmnander. NASA may wish to investigate this researrh/aesign 

issue more closely. 

!Chis 

The 
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Moreover, NASA might investigate the use of AI expert systems to help 

deal w i t h  crises - the software system becanes the crisis advisor, 

assisthq or even q l a n t -  human decision-making. U s e  of expert 

systems i n  this context may improve diagnosis of the problem, as well as 

increase speed arrd accuracy of response to the enmqency. 

Finally, NASA may w i s h  to investigate the (in)effectiveness of 

cqmter-mediated cammication during crises. whether c a p b r - w a t e d  

ccanmunication enhances or inhibits responses t o  crises is an open 

question. 

diagnoses, lmt for those that do not, -*dated cammication may 

prwerrt or dmuush an adequate respollse fram the crew. The effects of 

cqmter -Wat ion  on cammunication during crises m e r i t s  scrutiny. 

Same crises on board the space Station may have clear-cut 

, I .  
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a 
The primary question bath Michener and cook’s papers are concerned 

with is the impact of social factors on the performance of human gmups in 

manned vehicles in space missions of lang duration. bfy COBrrments first 

address scane issues raised by Michener. ?hen I turn to selected portions 

of Cookls paper. Finally, I make sane general abservations and conclude 

by arguing that a need exists for a systematic data base on social system 

processes based on past long duration space flights. 

?he them of Michener’s paper is the impact of social system factors 

on the manag- of system conflict. 

increases, crew caposition becaanes more varied, system goals becoane more 

ccap?lex and diverse and onhaxi artificial intelligence and 

ccmpterization increases, the likelihood of -1 and conflict prablems 

will becxane gmater because of social system failures. such failures cane 

about in part because of the greater wnplexity, differentiation, and 

decentralization that is created by changes in crew size and ccanposition, 

technology, andgoals. 

He asserts that as crew size 

Rs Michener notes, the space station crews confront a perilous 

ennrhrnnent and one that they nust deal with largely on their am 

(Mkhener does not mention but is no doubt Cognizant of the fact that 

unler the current design there is no way a crew- can return to earth 
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in an emqexy ,  since there is no escape vehicle), relative isolation, 

and a lcxrrg period of tirrre'in space, i.e. 90 days. BE Ssoc system will 

have to deal with very -lex supervisory contml problems, the risk of 

intervrcprp conflict, and the necessity of capbxJ with serious crises. 

one contributw cause of conflict in the space station, according to 

Michener's analysis, is marity. Modularity refers to a social system 

CcBnpOsed of multiple ard distinct subgraups. Michener claims that m a r  

systems may be particularly vulnerable to conflict, miscoordimtian, lack 

of cooperation, and mistrust. 

Because space station nmst function in such a perilous envirmmnt it 

is vulnerable to the risk of excgenous shock, that is, an uncontrollable 

w e .  

mnplex social systems of capix~ with such exog- shacks. 

More -lex social systems are presumably less capable than less 

Naturally, one of the first questions one asks when confronting a 

theory such as this is how does it square with the available widace, 

realizing that most widence is earth-based and therefore only partially 

relevant or relevant to an indeterminate degree. There is, however, 

additional widence, also of limited or of indeterminate value, that may 

be obtained fm abservations on gmup performance in 1 9  duration space 

flights that have already been undertaken. unquestionably, there is a 

need for additional systematic research on the pmblems of gmup conflict 

and perfoxmame in the space station. 
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Effects of Grap? Size and C a p l a i t y  

Kichener suggests that soc is likely to experience greater conflict 

than earlier missions, in part, because the social system w i l l  be laryer 

and more ccaplex. m e r ,  the e v i m  on the effects of gruup size is 

not uniform. 

number of intragruup relations multiplies. 

on factors such as member CatmRitment, cooperation, and gruup performance 

are unclear. 

l’here is no daubt that as grarp size hxeases the potential 

But the effects of gruup size 

For example, Michener suggests that larger-sized group have 

member c m m i m t  than sndller-sized ones. Hmever, Doll and 

Gundersen (1969) &.died mtamtic grclups and fmrd that PeJrceptions of 

members of cxanpatibility were more favorable in laryer (size 20 to 30 

members) than smaller group (size 8 to 11). 

(1986) studied laboratory-ted grclups of size 2, 6, 11, 51 and 501 in 

0- to s t ~ a c t y  social dilemma or public good situations.1 subjects w e r e  

told they would be given $5 and would be asked to give any number ( 0  to 5 )  

of one dollar b i l l s  to others in the grcprp (group condition) or to matched 

participants (giveaway candition). 

emeaded ten, additional size increases had no effect on member 

contribution level. Ihe point is that earth-based studies of the effects 

of grarp size on both utilitarian and affiliative type group goals have 

not produced uniform fhkiings. 

More recently, Yamagishi 

Yamagishi faund that once group size 

conflict 

Michener is not specific about the,cxuses of conflict, but the close 

interactional situation in the space station pmvides the potential for 
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seemingly minor events to & M a t e  interpersandl hostility. Forample, 

there iswaitingto gain access to the toilet. 

zer0-g facil i t ies and space constraints w i l l  man a limited rnrmber of 

toilets. 

guestions of priority may produce conflict. 

It takes longer to use 

Hence, long waits especially when waking up my be camnran, and 

AS Mi- points aut, since no laqe social system has been 

established in space, them are no alternatives but to develop 

generalizations based on earth-based gruups. 

suggestive informtion may also CQIIE! frran extrapolatiq fraa observations 

on d l e r c s i z e d  gmup that have been in space, such as Skylab. posUe, 

(1985) a Skylab astmnaut who spent 84 days in space, has written a bock 

describing sane of his experiences. W others accapanied posue on his 

long mission, the Cmmmder (Carr) and the Scientist P i lo t  ( G i b s o n ) .  

Fugue reported that werall the crew got along w e l l  together and that they 

Hcwwer, potentially 

had so many eqllipnmt PrableInS that they "had to help each other often. 

we had good team spirit.Il Very little space in his book w a s  devoted to 

the subject of interpersonal conflict. 

fights and argumerrts amm~ the crew, he observed: 

fights, and them was only one argument that I can recall. It had to do 

with a m e  in pmcedure, and the inskuctions were very vague. 

resalved this by trying the procedure to see i f  it worked. we mer got 

truly angry a t  each other, but we were frequently upset with or had 

disagreements with sane people in Mission control. 

hard to get a job done, so there was probably fault on both sides a t  one 

time or another@' (pogue, 1985:67). ?hese conmnents suggest first,  that the - was -1y knell-integrated and supportive of one another, and 

In response to a guestion on 

'We didn't have any 

W e  

W e  were  all trying 
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secaml, that gruup identification was to sane extent strengthened as a 

pmduct of antagunisxn toward Mission control. 

posue recounts anly one incident that took place between h i m  and the 

Scientist P i l o t  that cauld be characterized as a 

upset Ed G i b s o n  one day by putting his ice cream in the food tmrmer and 

leaving his steak in the freezer. 

couldn't eat the steak because it was still frozen hard, and the ice cream 

had turned to milk. 

lhere wasn't too naLch conversation at dinner that night. 

ice cream by refreezing it. 

hollow ball. 'Ihe next day, after it refroze, he stuffed it full of 

freeze-dried stra-ies and had the first strawbemy sundae in space1@ 

(Fque, 1985:67). Attention to these CQltIPllMts is called mainly to suggest 

the need for collecting and analyzing systemati-ly social system data on 

conflict already collected frcan long duration missions, such as Skylab and 

Salyut. Analysis of these data may help in identifying patentid social 

system sources of conflict on space station. 

small space station, Salyut 7, in orbit for almost five years and have 

manned that station periodically since then. Abaut a year ago they 

launched the first element of a m a r  station which is designed to be 

m y  manned. Bluth (1984) has reported on Soviet evidence of 

s m  interpersandl hostilities among the crew on the Salyut missions. 

: "I think I 

I really felt badly about it. He 

He had to dig out same contingency food to eat. 

He salvaged the 

In liquid form it had turned into a big 

a 

'Ihe ~ ~ ~ ~ i a n s  have had a 

760 



Mission-, conflict, andExpctations 

AS Michener notes, the projected lencJth of space station missions is 

90 days. Anather reason for carefully examining g r m p  factors in the 

carr-Gibsan-pogue Skylab mission is that its 1- was 84 days or almost 

the same as the praposed space station missions. AS noted above, the 

w i a n s  also have cclmpleted long duration missions that a m  of interest. 

'heir experience w i t h  such missions exceeds ours. Micherrer argues that 

the larrg length of the space station missions may lower crew tolerance and 

encaurage greater SubgrCRlp conflict. However, Fbgue (1985) and the 

Yorker report (Cooper, 1976)2 both note that mission lencJth did 

constitute a problem on skylab in the sense of elevatirrg interpersanal 

tension. The crew appamntly did get very disturbed when Missian cantrol 

pmposed near the eni of the mission the idea of 1- it. 

appeared that W factors contributed t o  the crew's strarrg dissatisfaction 

with this idea. First, the crew was trained and geared fropn the s t a r t  for 

an 84 day dssion. They had prepared themselves bath mentally and 

physically w i t h  this period of time in mind. 

the schedule greatly upset their expectations and was 

dissanance-arausirrg. second, and r e l a m y ,  the very fact that it was 

raised as an issue by Mission control a t  the cnrcial point i n  the mission 

may have seriously urdemu& ' the crew's sense of persanal control over 

their actions. lhese were very proud and extremely capable individuals 

with a strong sense of persondl autonay. ?he tight daily scheduling of 

their actions and the close obsewation and monitoring of even m i n u t e  

aspects of their behavior over a lang period of time may have been 

threatening and stress-arcrusirrgtothese captent and autonamus 

It 

Hence, a pmposed change in 
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individuals. 

designed to n u b  social system conflict, pmnote strong group integration, 

and &mqthen identification with the g z w p  goal or mission. m e r ,  

such s t m q  identificatian with the grarp godl may inhibit 

externally-- charrges in the mission. 

if group resistance is to be avoided, must involve a participative process 

worked out in advance. 

?hs ccanposition of these gmup and their training was 

presumably any such chan~es, 

~n addition to t h i s  issue of whether or not greater size and 

differentiation actually contribute to greater group conflict, there is 

the matter of the conseuuences of such conflict for 

in particular, pmductivity. 

w i t h  greater differentla ' tion and ccmplexity, and furthermore, that 

conflict in general is detrimental togrcplpperformance. lhereisnota 

great deal of evidence on this, and what exists, is earth-based. 

Mi-, like most students of conflict, sees conflict as Q-eatiq 

disequilibrium in the system. conflict may cause a %breakdcrwn in decision 

makingll (March and Sinrm, 1958), that is, it is a malfunction and is 

negatively valued. 

lo& at certain kinds of conflict as a source of equilibrium and 

stability. 

to a group may breed solidarity provided that the conflicts do not divide 

the group along the same axis, because the conflict codlitions provide a 

place for exchanging dissenting opinions. 

conflict or disagreement is inevitable and that it is better to foster 

minor conflicts of interest ard thereby gradually adjust the system, than 

to allow for the accunrulation of many latent deep antagonisms that caild 

functi-, and 

Michener assumes that conflict will increase 

other social scientists, such as Coser (1966) 

cuser argues that a mikiplicity of small conflicts internal 

essence, he d a h  that scpne 
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Ccmpletely d i s n p t  it. coser notes that frequent saall conflicts keep 

a r & q A s b  info- of each other's position and strength and hence 

prevent a seri- miscalculation on the part of either party. 

similar vein, Lipset et al. (1956) in a study of the International 

-1s Won showed how institutionally-regulated conflict between 

the two political parties in the union actually fostered a dammatic 

climate and organizational stability. 

may take the form of healthy ampetition and this may enhance overall 

In a 

Likewise conflict be- mDdules 

productivity. Thus, conflict and conpetition are not inheren U Y  

dysfunctional as Mi- suggests. contrary to Michener's awmach, this 

perspective suggests that a key issue is not merely hckJmuch conflict 

takes place, but the corditions under which conflict occu~s, for example, 

the extent to w h i c h  it is normatively regulated and controlled. 

Michener merrtions only briefly that mtatiq mews under extended 

duration space flight may effect their functianing. T% effects of 

ratation, succession, or turmver, merits mre detailed trea.tment. W 

is a substantial literature on this topic canceming the effects of rate 

of succession on grarp and managerial effectiveness (e.g. See Grusky, 

1963, 1964; Emwn, 1982) Practical reseaxh questions include: optimal 

mission length, optimal method of crew mtation (replace individuals, 

subgraups, or total mews), optimal method of leader rotation, etc. 
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relationship between stress and productivity. In addition, she examines 

the issue of mediated cormmunication, particularly capter-mediated 

wmunication and its effects on proauctivity. 

cook praposes that space be used as a site for basic resear& on 

stress. she points aut that reliable and valid non-physical 

health-related - of stress are lacking. 
site for stress research, she claims, because there are so many stressars 

in space, such as crawding, noise, mrkload, and life-threatenhq crises. 

she describes a mdel of stress produced by interperso nal factors such as 

inequitable assi-t of raJards, task or role ambiguity, arbitrary 

exercise of authority, and uthers. cook wishes to ccanplemnt 

physiological and psychological stress resemh by investigating social 

system praperties of stress, an approach that has not been heavily 

utilized in the past. she also wants to explore adaptive ~ r c ~ l p  strategies 

for coping with stress. she proposes the intriguing idea of developing a 

ccsnplter-aided system to rectify cognitive processing deficiencies that 

appear under high stress levels. 

space station is a good 

0 

However ,  one of the prab1e-n~ with stress 

is that so many factors can be stressful that objective 

quantitative measurenrent is difficult. 
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Gender and stress 

Although up to the present space missions have been male-dauna ted, it 

is wident that future missions will involve more female astronauts and 

mission specialists. 

consistently documented an association between gender and psychological 

distress. Waaen are more than twice as likely as men to wrt affective 

Resear& in psychiatric epidemiology has 

diso- and extreme lwels of distress (Al-I-, 1982; Kessl- and 

m e ,  1981). Although male prevalence of sane psychiatric disorders is 

greater than females and for some disorders there is no reported 

association with g-, the best available widence indicates that the 

pSyCh0logical well-being of wcmml is different than that of men. 

?he major sociological interpretation of this evidence is that wcmmlfs 

roles expose them to greater stress than men's (We, 1978) Gave (1972) 

has c l a w  that female role stress is especially pxoncmcd in 

traditional role situations. 

A rnaber of investigators have shown that wcmml are more vulnerable 

than men to a range of what have been called netmrk wents, that is life 

crises that are significant to the lives of persans important to the 

(Kessler, 1979; Radloff and Rae, 1981). Kessler has praposed 

thatwmmcaremreabwtpeople, andbecausethisisthecase,theyare 

more vulnerable to crises that take place Ifat the edges of their caring 

laetwlorks.ff (Kessler, 1985). Men are emtionally affected by crises that 

occur within their nuclear family, but are more deeply affected by 
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both c r h  amnqmembers of their nuclear family and among persans who 

may be classified as f r i d  and associates. 

There are a number of major limitations in the analysis preserrted 

above: 

1. ?he findings showing a relationship be- gender and psychiatric 

distress and subclinical^ can be explained by selection 

factors. 

2. Most of the ewidence on mle-related stresses has been based on scales 

using subjective evaluations. 

3.  Evidence on the differences suggested be- nm and wmm claiming 

that the latter are more vulnerable to crises in their networks is 

sparse. 

Despite these limitations of which coak is well aware, this 

information and the speculations described above raise sane potentially 

inportant issues regardirrg long duration space missions. specifically, 

one issue is whether or not male and f d e  -members will take on 

different mles and respond differently to crises that may take place in 

the space station. mnter (1977) has studied the lone wanan in 

male-dmlna ' ted work organizations as part of her study of what she calls 

Wcewed sex she has aistinguishea between dcaninantS and tokens 

in these organizations and suggests that (1) tokens are mre visible than 

dcaninantS (2) differences between dominants and tokens tend to be 
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effect ( i f  any) of the genzier distribution in the g~xlp on carmnard, 

cantrol, and coarrmunication processes. It may very w e l l  be the case that 

selection factors that have up to now worked well in identify- crew 

members capable of hanrub-~~ stress w i l l  m n t h  to work effectively in 

the future. It is also masonable to anticipate that besides selection 

effects, situational effects w i l l  be averpower- and hence the gender 

differences suggested above w i l l  be masked. Alternatively, it may be that 

the larger-sized grarps i n  space station 1990s d i n e d  with the existence 

of a %kewed sex ratioIg (Kanter, 1977) in work grarps w i l l  have 

pmblematic hpacts on group functioning. Research is needed t o  explore 

these related issues. 

Caputer-Mediated cammum 'cation 

As Cook has observed, the social for systems of 1- 

duration where the primary cammunications are ccarpxrter-mediated are simply 

unlacrwn. As Cook notes, the recent fhkiing by Siegel et al. (1986) that 

cclmprter-saediated rcnarnlnication facilitates the upward f laJ  of negative 

cammications or information that those in high status 

positions merits replication. This problem also shmld be studied 

develapnentally to see i f  changes occur as grcrups exist aver 1- periods 

of t i m e .  Another related pmblem that merits study is the putential 

impact of cultural differences on ccaputer mediated conrmatnication. People 

of different cultural bac)cgrounds may respond in radically different 

ways. Such differences i f  found could be consequential to d c a t i o n  
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beheen the variQu8 space station M e s ,  the Japanese, Eurapean, and 

that of the mite3 states; 

Cook cites Cormom (1985:32) reseamh as justification for the 

pmpositian that %aqmter mediation may mitigate the inhibiting effects 

of face-to-face cammication when ~~subordinates~~ have access to critical 

hformatian and may need to challerrge authority.'' 

groups bear little resemblance t o  the environment experienced by past long 

duration space flights or presumably w i l l  be faced by future flight crews, 

such as weightlessness, continuous peril and public exposue, continwus 

However, Cormors' 

high task-load, small amunts of space per person, etc. Morwver, the 

idea of &allex~hq authority ard attitudes tmmd work are 

culture-bard. Hence, even i f  the findings were applicable to the united 

States' space m e ,  they clJrsuld nat necessarily be as applicable to the 

Japanese or Eurapean modules. 

MO& of the cynmu?n+_c. i n  the two papers focus on negative effects such 

as wnflict, stress and mi- 'cation. Michener stresses the perilous 

envimnment , the possibility of conflict between mcdules, human error 

possibilities, and breakdam possibilities that stem frwm the 

sophistication of the technology. Michener neglects the patential 

positive contributions of smdll conflicts and canpetition to gmup 

functioning prwiding that such conflict and canpetition is 

inst i tut ional ized and is expressed i n  legitimate ways. 

the pmblems of decisional and inteqxrsorx~~ stress. 

Cook focuses on 

Y e t ,  in contrast, 
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what was highlighted in the narratin reports, both by posUe (1985) and 

'Ihe ~ e w  Yorker (cooper, 1976) was the relatively SmDothneSs of 

interpersanal relations a m ~ g  the Skylab crews, their high motivation, 

high pmductivity, high goal identification, and grrrup ccanmitment. 

Perhaps these reports have been %anitized1@. In any case, it is clear 

that the social system impacts with respect to conflict and stress are 

unhuwn, although we do know that these factors can have mmeqential 

effects, and as Michener suggests, increasm social system cmplexity may 

enhance the likelihocd of social systern problem. 

Both the cook and the Michener p a w  stress the importance of social 

organizational factors on p-ivity or perfornrance. 

attention to the work of Faushee (1984) who has used flight shmlators to 

study g m u p  process. Faushee cites a study by Ruffell S m i t h  (1979) who 

had B-747 crews fly a simulated flight frmn New York to Lm3on. A failed 

engine, hydraulic system failure, poor weather, and other problems created 

an emeqency situation. Faushee observes significantly that Verhaps the 

most salient aspects of this flight simulation study was the fbkiing that 

the maioritv of ~roblems were related to brealdmns in m e w  coordination. 

not to a lack of technical howledae and skill.11 

factors affecting graup conflict, stress and other related issues as buth 

Mi- and Cook have observed, is essential. 

cook calls 

0 

on social 

In sumtry, four major abservations were made on Michener's paper, as 

follckJs: 
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1. F h d h q a  from earth-based laboratory and field reseamh on the effects 

of grcup size and ccqlexity on task pexfonnance have produced 

inconsistent results. 

2. Michaerls social system theory suggests considerable potential for 

group conflict an the space station. However, narrative accounts 

describing a Skylab mission do not confom to this theory. 

3.  Michener's theory assumes that conflict and capetition (seen as a 

form of conflict) has only deleteriaus c~llseqll~ces for social systems 

and this may not be the case wfien conflict is institutionally 

regulated. 

4. Michener d t s  extensive discussion of problems associated with crew 

ratation. 

The following observations were made on Cookls paper: 

1. The develqanent of newmethods of measuring stress and caping 

techniques are needed. Existing data on Skylab crew behavior shauld 

beexwuned ' in order to identify effective interpersondl coping 

strategies, that is, techniques that crew mnbers have used that 

reduced, controlled, or made stress mre tolerable. 

2. Research is needed to explore systematically the relationship between 

gender, group structure, and stress. 
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3.  Research is needed on the social impacts of ampuh~mediated 

cclrarmnicatian. we need to h o w  the positive and negative consequences 

of capter-mdiated cagmrmnication for individual and graup decision 

pm=sse~. 

intensive study. 

Cook has identified a set of hypauleses that merit 

same of these prablems CM best be studied by means of human 

simulations where the space statim situation is simulated in the 

laboratory by means of a mock-up and human crews of eight to ten or even 

twenty volunteer subjects are studied continuously in the laboratory for 

long periods of t i m e .  The crews wmld be given carefully assigned tasks 

as similar as possible to those to be perfonned by space station crekls. 

The noise level is manipulated as are living conditians to apprcoclmate as 

closely as possible the real situation. Ideally, one wuuld develop a set 

of aqerimental studies using the simulation method which would enable the 

close study of the effects of key hkpemht  variables such as authority 

struchxe on crew prductivity, perfonnance, ard satisfaction. The same 

technique cmld be enplayed to examine the effects of various methods of 

crew and leader ratation. 

A Azrdamental research recarmaerdation shuuld be added to those noted 

by Mi- and Cook, namely the nead for develcpmt of a systematic data 

baseintheareaofgroupperfonnmceofpast  (ardfuture) astronautsin 

long duration space missions. such a data base is especially needed 

because the space station is a unique e n v h m t  due to the interaction 

of a very unusual set of characteristics such as weightlessness, canstant 

danger, restricted or CcmphPmediated conmmtnications, high stress due to 
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noise, and other em- hazards. V a l u a b l e  althmgh limited 

infonuation can be CwdJned ' fm studies of social systems facing qui te  

different but presumably caparable situations such as polar envirorrments 

and lang duration SUkoMlrine missions. Hence, there is a great need for 

data on this particular type of social system that is unique to long 

duration space missions. ?he types of data that shcnild be included in 

such a data base a m  demographic information on the astroMuts, 

performance data, and perhaps most important of all, audio and videotapes 

of missions, such as the three-person Skylab missions discussed above. 

Reseuzh access to these tapes wwld facilitate develapnent of new 

of stress and conflict and their relationship to decision 

processes and &d permit study of microgrcup processes such as 

initiaticm of interaction, rates of interaction, and measures of pumr 

(such as inttxmptions, talkcrvers, and overlaps, etc.). W hope is that 

N A s A m i g h t  be convinced that a data base of this W & d  be a valuable 

research resoume for them and that such a data base could be assembled 

and the data analyzed in such a manner as t o  amceal apprapriately as 

necessary the identities of p a r t i d a r  astmnauts and their specific 

missions. 
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1. Obviously Y a m a g i s h i  did nut create actual gruups with 501 rmbers in 

the laboratory. Instead, he allowed no caamnunication or contact 

between subjects, who were isolated fmm one another, and told them 

the number of persans in thek ffgrco;rpff. 

validity of t h i s  maniplation. 

No data - plxsenbd on the 
2. The New Yorker account also suggedzd that the three-person Skylab 

crews varied substantially in their productivity. one major 

deteminant of this variation was how much was 

Mission control. when a point was mched that seen& to the membem 

of the crew to overtax their capacity, they qlained and Mission 

Control reduced the workload. 

of them by 
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SESSION 6:  

SYNOFSIS OF GENERAL AUDIENCE DISCUSSION 



D R A F T  
A r n o l l  
OR m m  

SYNOPPSIS OF GENERAL AUDIENCE DISCUSSION 

Ixle to time limitations only a brief aiscusS ion of the papers in this 

session was possible. lkn main coprrments on these papers w e r e  made, as 

follaws: 

1. It was pointed out that neither of the papers considered the 

relationship between the airboxne or space station crew and the 

laqer ccummity that participates in the operation of the 

station. ?he role of mission control, for -le, was nut 

mentioned and merits careful examination. 

nut exist in isolation and reflects the objectives of the larger 

organization and of the nation (or nations) as a whole. Mission 

control is in canstant camnumication contact with the ahborne 

crew and serves inportant functions with regard to its safe, 

effective, and efficient operation. 

Rre airborne crew does 

2. It was suggested that the extant literature on social system 

behavior in a number of other analogous I1hostilet1 envimments 

such as UnderSBa or in Antarctica be reviewed carefully for 

infomation that might be relwant to the situation of 

long-dturation space missions. 
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l o  
dichatcany of opinions on the relative importance of manned and unnamed 

(i.e., robotic) applications. U n t i l  the arrival of the shuttle, manned 

and uraanraed qeratians occupied different sections of NASA Headquarters, 

involved different gruups of NASA field centers, and were generally viewed 

as capetm for the limited Arrds available. There w e m  (and still are) 

areas, such as planetary exploration, where there w e r e  no viable options 

to the use of unmnned systems. The arguments, rather, tended to the 

uti l i ty  of humans i n  space, and the cost of replacing each of their 

functions with rabatic alternatives. 

~ n y  self- device performing a useful function i n  space, 

khether a human or a robot, must contain the same set of basic functions 

to adequately perform the mission. 

is actually constrained to work aruund the limitation of the 

a 
In many cases, of anxse, the mission 

state-of-the-art in one or mre of these areas. These basic functions for 

autonomy include: 

Sensation In order to aperate on the local emiranment I aws- 
requires sensors for detecting objects. 

break dawn into remte sensors (such as vision or other 

rangirrgWf==)andP roximdL (such as tactile and force 

sensors). 

These typically 
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ccenpttation ~aving the capability to detect objects does not translate 

directly into the capability for maniplation. 

understanding the spatial relationships, having a howledge 

base of both general activities (tools, forces and motions) 

as well as specific knowledge (specific satellite design 

details) rn necessary for effecting a q l e t e  system. 

Maniplation RLis area has trailed the athers considerably, as many of 

the original space objectives did not h l v e  manipulative 

activities. Manigulation t o  date has been performd by the 

sampling anns of the Surveyor and Viking 1- spacecraft 

in snall scale, and by the F&mote Manipilator System of the 

shuttle in larger scale. None of these systems has h l v e d  

any appreciable dexterity in either the anns or the end 

effectors. Nonetheless, this area is pivatdl for future 

space activities, as it relates to the capability of the 

spacecraft system to interact w i t h ,  and to alter, its local. 

mi.lxmnmt. 

Lrxxanotion 'Ibis is a necessary function, often relegated to a 

s q p r t i r q  role. Ihe capability to maneuver aroLnd i n  

space, either on an existing structure or in  free space, is 

requhed for any rabatic system to be g-ly useful. It 

might be anticipated that space systems w i l l  evolve a wider 

raqe of locamotive capabilities than humans have evolved in 

a gravity field. For exanple, legs on a human pmvide both 

locanrotion and anchoring functions. III the microgravity 
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envirmrmerrt of space, locolrotion might well be relegated to 

the equivalent of ams, which have the finer dexterity and 

f o r c e ~ l r e q u i r e d i n t h e a b s e n c e o f d a m p i n g ,  and 

anchoring left to sets of specialized maniplators with 

strength, but little other capability. 

free-flight prapulsion will also be commn, at least for 

those situations not constrained to minimize use of 

(XnSUWblW. 

Thrusters for 

support category includes all the other functions necessary for 

the system to exist. 

structural integration, navigation, and colmmunications. 

?his would include pcrwer,  cool^, 

It is interest hqtoexamineaknownautanaarousqstem(ahuman) in 

the context of these functions. Ihe head is the sensor platform, located 

in the optimal location for bipedal locaanotion. The ccsnputational system 

(brain) is co-located with the sensors in the head, to minimize the length 

(and Mllnerability) of the high-bandwidth data paths, particularly 

vision. % anus form a dexteraus manipulative system, and the legs 

similarly perform locclaotion tasks. The torso thus encapasses most of 

the support fbnctions, as well as tying dl1 of the other systems together 

in a selfeined unit. The human body is thus a w o n k r f U  -le of a 

possible design for a rabot. However, the human paradigm shCplld not be 

extended too far, as many of the optimal choices for a system which stands 

erect in a gravity field may have little logical application in a system 

e 

aptimized for weightlessness. 
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?hetask,thm2fore, i s t o c o p n e t o a n ~  ' of thepas tand  

present roles of hmms awl machines in space activities, and extrapolate 

to the future to caane to a meanirrgeul uxlers- of the capabilities 

and limitations of each. 

an essential conclusion of this paper: 

betwea humans ard machines. There are necessary and sufficient roles for 

bath in the foreseeable future in space. 

In fact, it is worth enphasiz- a t  this point 

it is not an "eithercor" choice 

W i t h  the limited payload capability of early launch systems, there was  

no viable alternative to the use of UrrmaMed satellites. 

payloads were CcBnpOsed of sensor packages, cammications gear, and 

early 

supportsystenrs,andwererequiredtodonothingmorethanobserve/measure 

and report their findirrgs. Even today, many of the satellites be- 

launched to oxbit are still limited to these functions; for the puposes 

of this paper, these systems may be considered to be submbotic systems. 

@ 

It s e e m s  clear that the original intention of the Memury program was 

to use the humans as an experimental subject, in order to study the 

effects of spaceflight on humans. The choice of experienced military test 

pilots for Mer#uy astrrmauts led to saw predictable dissatisfaction w i t h  

this role, and the desire for incorporation of manual control capability 

in the vehicle. 

primarily in the &clap mode. A case in point was the Mercury attitude 

This led to the use of the human as a controller, albeit 

control system. ?he primary system was an autamatic one, which maintained 

the capsule in retrofire attitude during o b i t a l  operations. A 
787 



selection was "fly-by+&e", in which the -ut could cdnrmand attitude 

manewem by use of a side-stick controller, which would then be performd 

by the attitude control system. The final mode, however, was purely 

manual, as the astmnaut actuated push-pll rods which 

and closed thruster valves. 

'dlY aperaed 

This ,  issue of humans as the final back-up is a pivotal one. For 

example, Mercury was a siqle spacecraft, designed primarily for a single, 

sequentially organized mission. It carried no on-boazd ampter, but 

instead relied on activating system at set times on a mission clock. 

contingencies, such as the decision to enter withmt jettisoning the 

retropack on Jahn Glenn's orbital mission, relied on manual activation of 

retrofire caamnands to prevent the fraan autopnatically separating 

the rettupack follmiIq retrofire. ?bus, lzhmqbut the M m 2 U . q  program, 

the human represented the adaptable (recmfigurable) element of the 
a 

Mercury control systen. 

The Gemini  program was an interest- l%aclwater'l of space flight 

develogment. 

capsule, W was developed as an interim program to inaxase space 

flight exprience while waiting for the &vel- of the e l l o  system. 

Since it mgmenbd to sane an evolutionary dead-end in manned space 

flight, the manned el-ts were permitted to have unusual sway in the 

systems d e v e l w .  

was dlnrost entirely manual. It might indeed be argued that, more so than 

Originally conceived as a Mark I1 version of the Mercury 

Thus, whexe Mercury was laryely autoaratic, Gemini 

any other space program before or since (including Shuttle), Gemini  was a 

pilot's spa-. lhere were no autopnatic a t a t  mdes: the crew had to 
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decide the appmpriate action based on the reports of the instruments. 

For the f i rs t  time, a space vehicle cculd be accurately described as a 

spacecraft, since had the capability to change orbits and achieve 

rerdezvaus. The crew had win3ows which faced forwanl, and hatches which 

cculd be opened and closed again i n  flight. Eva i n  landing, the vehicle 

was positioned to alluw the crew to sit upright, and much develapnent 

effort took place taJards a Rogal1o-w- recovery system which wmld have 

allawed Gemini to maneuver to a landing on the dry  lake bed a t  Edwards Air 

Fame Base. 

men in the midst of this manual spacecraft, additianal e l m  of 

autanation had to be incorporated. me Gemini was the f i rs t  spacecraft to 

fly w i t h  an on-board computer, used for calculatirg rendezvous manewem 

and for -1 of the lift- reentry. Although many of the pmcedues 

used for rendezvms and docking were manual i n  nature, the capldties of 

orbital mchanl 'cs required the use of ground or on-board c q x t e r  

calculations; the crew were primarily used as interpretem of vi& and 

radar data. 

?he presence of humans on boarcl Apollo may be considered as entirely a 

political decision, as the entire cbjective of the -110 program was to 

place a man on the mon and safely return him to earth. The greater 

mpldties of the spacecraft and mission led to a return to aukmated 

systems, after the largely manual nature of the Gemini spacecraft. Thus, 

for -le, many of the abort modes were aukmatically initiated, 

although the crew did agitate for manual control of launch vehicle 

trajectory as a baclrup for the Saturn flight cantrol system. The manual 
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dockirrg techniques develaped during Gemini  were utilize2 by Apollo in 

lunar orbit. 

Apollo again shuwed the uti l i ty of humans as a robust backup system. 

It was not possible to do a survey of landing sites duwn to the level of 

a l l  possible hazards to the Lunar Module; it was therefore planned that 

the pilot wmld take over and steer the lunar lander to a safe landing 

site. ' Ihis systexn worm well in every instance : theini t ia la impoint  

for   pol lo 11, for example, turned out to be right in the middle of a 

boulder field. Manual -1 of the landing vehicle allowed the 

taryet- of landings next to an urrmanned surveyor spacecraft, adjacent to 

a deep lunar rille, and in the lunar highlands. This greatly aqmnted 

the data return, as later flights were targeted into areas of greater 

geological interest, with fewer aptions for safe landing sites. 

T h e  presence of humans to p i l e  the landers into safe loaitions may be 

cxanpared to the Viking  landings on Mars a few years later: 

unnamed vehicles did not have the image processhq and decision rnaking 

capabilities of humans, both of the landirrg mft had to be targeted to 

the flattest ,  s1Mothest, and therefore least inten=sting landirrg sites 

anilable. 

unmanned vehicles. Hcwever, the quantity of samples returned differed 

since the 

Similarly, the soviet Union performed lunar exploration w i t h  

froaa Apollo by 3-4 orders of magnitude; since the samples w e r e  selected 

randcanly froan the M a t e  location of the landing vehicle, it may be 

assumed that the quality of samples varied widely form -110 as w e l l .  
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skylab, as the first American space station, involved the long-term 

habitatim of space by humans. 

Skylab was to study the effects of long-term space flight on human 

physiology; hmever, to use th i s  objective as a justification for manned 

space flight constitutes c-ar logic. Much more may instead be said of 

the other science cbjectives of Skylab, such as earth resaurces, solar 

physics, and space operations. 

an essential role in the success of the mission. 

Irdeed, me of the major cbjectives of 

In a l l  of these, the Skylab crews played 

since Skylab was - of surplus Apollo ccanpanerrts, there was 
little significant difference between the M pmgrams in the autaaaation 

levels of the vehicle system themselves. m e  only significant difference 

was in the experiment packages, d c h  in Skylab rep- a later 

generation of technology fmn the spacecraft harctware. 

solar observing instnrmentS in the Apollo Telescape lbunt cmld be (anl 

were) operated remotely froan the grrxud. Hcrwwer, the anboard cammen 

could pmvide more M a t e  &isions 

phenmma, and in fact managed to recod solar flares frum their 

inception. Modifications to the oslboard control panel of these 

instruments during the cmrse of the skylab mission were primarily to 

For -le, the 

faced w i t h  fast-breaking 

the ability of the crew to make immediate data records for use 

onboard, by the addition of an instant-print scope camera. 

Of greatest significance, perhaps, was the role played by the crew in 

the repair of the workshop and salvation of the mission. Extensive ' 

extravehicular activities (EVAS) were performed to free the j d  solar 

array, and to deploy a flulshade to reduce tenperatures in the workshop to 
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habitable levels. Ihe three skylab sews m a r l y  repaired failed 

equipmt, both inside anl autside of the space station, and clearly made 

possible the success of the program: had Skylab been an unmanned station 

w i t h  the state-of-the-art rabotics of its tim, it clearly wmld have had 

little or no mcourse beyom3 those capabilities left by the launch 

accident. 

I 

?he greater cmplexity of the Space Shuttle has led to the -test 

Flight crews have referred to the miter as armmt of automation yet. 

the @klectric air plan el^, since Wt all functions are contmlled thmqh 

the four general-- Ccanputers (GPCS). 

characteristics of the orbiter are such as to be practically myable 

without stability augmentation. Although a manual direct mde does exist, 

few of the flight crew have much success in this wde in training 

simulations, and even this mode relies on the GXS to interpret hand 

controller data and CClPmnaflC1 motions of the flight control surfaces. 

Although the flight control system is capble of fly- the vehicle all 

The atmoqheric flight 

the way through landing (llautolandl~), it is interest- to note that no 

crew has yet alluwed this to be tested on their mission: the COamMnder 

always takes over in control stick steer- mDde (i.e., stability 

a-) at subsanic transition, or certainly by the pre-flare maneuver 

at 2000 ft altitude. 

learned frcan shuttle aperations: the flight crew have now been cast in 

the role of system managers, but still demand active irnrOlvenmt in all 

safety-critical aspects of the mission. 

is rep-tive of many of the lessons 

It wuuld be mise to assume that 

this trend will not continue into the era of the space station. 
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It has been said that humans = the only Self-prOgranrming, highly 

dexterous autanowrous devices capable of being mass-produced by unskilled 

labor. that as it may, there are significant limitations on bath 

humans and machines in the space envimnnmt. Hav- evalved in the 

env- of the earth's surface, it is necessary to (in sms degree) 

take the -ti- of earth along w i t h  humans i n  space. 

be considered include a-, consumables, volume, work cycles, and 

gravity. 

Constraints to 

~rmans need q q e n  abuve a partidl pz=sure of apmximtely 3 psi i n  

order to survive. 

w i t h  a pure oxygen atmosphere a t  4 psi. 

operational problems: the structures could be simpler, as the internal 

pressures wm less; only a single gas had to be stored and delivered; ard 

therewasno- for denitmgenification prior to an 

extravehicuhr activity. Haever, the Apollo 1 f i re  shuwed graphically 

the primary - bge  of a sirrgleqas system. 

the Apollo program, spacecraft were supplied 

' Ihis simplified several 

In Skylab, the atmsphem was kept as 5 psi, w i t h  nitrogen formirrg the 

additional partial pressure beyolla that required for oxygen. while this 

reduced the flame propagation problem, the crew was less than satisfied 

w i t h  the atmo@xm, as it was difficult  to carry on conversations beyona 

their immediate vicinity. cument plans for the space station assume a 

sea-level pressure of 14.7 psi, as used on the Orbiter. 

capled into the choice of avionics: the sea-level pressure of the 

lhis decision is 
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miter was partially chosen to allow the use of ttoff-the-&elft' 

ahwooled avionics. 

cooling fans an the miter creates an appreciable amunt of noise, thus 

limiting comemations to the innnediate vicinity of the individuals. 

Orbiter has been operated extensively a t  10.2 psi during pre-breathe 

cycles prior to an EVA, ht this requires a significant 

avionics to prevent overheating. 

W had an effect on habitability, as the number of 

Rre 

of 

A biological oryanism, such as a human, is pawered by a series of 

chemical reactions, and must be replenished regularly. 

open-loap system (that is, no at- a t  r e c y c l h ~  anythhg), humans will 

requim app&tely 5 Wday of food, water, and oxygen. Recycling 

water and a i r  w i l l  reduce this to 1 kgjperson-day: this is equivalent to 

540 kg of wnsmables for a six-persan crew over a 90 day resupply cycle. 

men without recycling, then, consumables are not a pacing item for a 

space station i f  the crew s i z e s  are kept small. 

In a totally 

a 
These figures also do not 

into accaunt such operational factors as air  loss, inefficiencies in 

recycling, or food carried for reasons beyond base-level nutrition, and 

therefore the actual figures planned for collsumables in space stations 

w i l l  be higher than these a d d c  mininarms. I&UIY of the techniques for 

effective recycling are currently h i m y  e x p e r m  , and w i l l  requim a 

great deal of developnent prior to operational use. 

Studies have shclwn a direct relationship between habitable volume asd 

crew performance; the m i n i m u  volume is also a function of mission 

duration. 

facilities for eating, exemising, and personal hygene, am3 are usually 

In addition to the working volume, humans need to have shared 
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best pmvided w i t h  sane private locations for recreation and sleep. 

Deciairrg on these issues are scane of themost difficult  choices in  

interior station design, as them is often no clear relationship between 

pruhctivity and volume; indeed, them is often no generally agreed-upan 

metric for p e  'vity itself. other desirable modifications to a 

spacecraft aeSigned for long-term human ocaqmcy include windows (as many 

and as larye as the structural desi- CM be forced to incorporate), 

airlacks, and r d m d a n t  escape paths in case of CatiIqencies such as hull 

penetration or fire. 

~zmans are not capable of working %round the clock": same amount of 

recreation is requimd, along w i t h  natural hausekeep- ard other support 

functions ard a sufficient amount of sleep. A normal 40 hr. week 

represents a 24% duty cycle for a human. Assuming five hours per day for 

meals, hcxlsekeepiIq, and excercise represents a further 21% of the t h ,  

leaving 55% of the day for sleep, recreation, and general offduty 

activities. T h i s  may be ccsnpared to the averages for Skylab: 

exper- operation (work), 33.9% meals, hausekeep-, and 

40.5% for sleep, rest, ard other. 

percentage of t i m e  spnt  on experiments is so close t o  that of a typical 

25.6% 

and 

It is hterestbq that the net 

40 hr. week; the exhaustive pace reported by the Skylab crews clearly 

demmstmtestheihcreased overhead associated w i t h  living in space. 

Evidence indicates that the work pace established in Skylab muld be 

difficult to maintain over indefinite periods on a space station: 

therefore, planners must either accept lower than normal duty cycles on 

expexhnts and other outpt-oriented activities, or plan ways of 

aukmating the hcrusekeepw fimctions to bring these back in line (fm a 
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perqxdAve of time) w i t h  cclmparable activities associated with living on 

earth. 

One of the origins of the baeased hausekeeping times is the 

necessity of adapting to ruutine living in the weightless envimnment. 

Althaugh it can cert2lm1 ’ y be maintained that insufficient experience has 

yet been mined to provide definitive canclusions in this area, clearly 

it will be difficult to overcam the millions of yeara of evolution in a 

gravity field in a brief the, and scane performance degradation in 

weightlessness is to be expcted in the foreseeable future. physiological 

=&ions to extended miaxgravity include a number of honarmal and fluid 

shifts: the only l q - t e x m  effect which seems to be both serious and 

pragressively degenerative is a decalcification of bone material. 'Ibis 

effect can be retarded to same degree by strenwus m i s e ,  particularly 

involving canpression of the larye bones of the leg: this has led to the 

developent of treaztrru ‘11s with elastic wxds replacing some of the force 

of gravity, allowirrg aerobic running exercises. 

Saane effort has gone into examining the options for providing 

appreciable gravity on a space station, by mtating the aaymenb to 

pmvide a centripetal acceleration. ?his effect can be quantified as 

wfiere w is the angular velocity, and g is the effective accelemtion’at a 

radius of r. Early plans (prior to Skylab) indicated that an angular 

velocity of 4 r p  wmld be acceptable, proauCing a required radius of 55.8 
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m for earth-mrmal gravity. 

m) might be a better rotatiandl velocity for hLnnan adaptation, even with a 

select crew m a t i o n .  If selection standards are relaxed to most of the 

general papilation, that inplies a rotation speed of 1 r p ,  w i t h  a 

resultant radius of 894 m required. 

Sane mseamh has suggested that 3 rpn (99.3 

obviausly, it wuild be extremely caplex and expensive to provide 

stations of this size. 

prwvide partial gravity: an early space station praposed w i t h  a radius of 

25 m a t  a spin rate Of 4 rpn wmld have prodzuced an a m  gravity of 

.45 g. However, nothing is kr#rwn of the effects of partial gravity on 

bone decalcification or other micmgravity effects; this is clearly an 

One method of easing this reqUirearent wwld be to 

inportant 

this information, the logicdl approach is prabably that being considered: 

issue to be addressed by a space station. short of 

do not provide artificial gravity, and rotate the crews a t  intervals known 

to be safe, such as three mwlths. 

It wmld be unwise, hcrwwer, to overly e;npshasize the limitations of 

humans, w i t h o u t  care equal attention to their assets. 

humans have been demnstmted repeatedly thmqhout the history of manned 

space flight. 'Ihe list of experiments repaired, satellites retrieved, and 

missions saved wwld be too long to go into in this paper. Of greater 

importance than reviewing the indivictual pexfonnances is to sunnnarize the 

individual capabilities which made them possible. 

The capabilities of 
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l o  dexterity is obviausly highly critical for those tasks 

requirixq physical manipulations. 

with remutely apmachiq the dexterity of the human hand. Sane 

exgerimental efforts in this direction (the uhh/MIT hand and the 

Salisbury hand) have produced impressive manipulator a m  a t  the current 

t i m e .  

other hm areas for application of general-lxupose robotics) have tended 

tawards the use of simple and effectors, and the alteration of tasks to 

a l l o w  for limited dexterity. To so~ne extent, the same is true of space 

systems designed for EVA involvement: current pressure s u i t  gloves are 

still far more dexterous than manipulator and effectors, and are likely to 

continue to evolve in the future. 

No manipulator has yet been developed 

The apprcach taken i n  the nuclear and the undersea cxlamrmnities (the 

Strength is (perhaps surprisingly) still an important issue in 

microgravity. The Manipulator wtem of the Orbiter is capable of 

manipulat- payloads up to the Orbiter limit of 65,000 Ib, but is 

severely strength-limited, and therefore handling t i m e  goes up as mass 

goes down. The mst capable system for retrieval has been shown to be an 

EVA astranaut in the Manipulator Foot Restraints, attached to an RNS w i t h  

its joints locked. Rris configuration was used for gramling the two 

HS-376 satellites mtrieved on shuttle mission STS 51-A, as well as the 

UaSat HS-393 satellite captured, repaired, and re-released on !5TS 51-1. 

?his las t  procedlure especially, w i t h  the w t  to despin and 

capture, and later respin and deploy a massive satellite, could nut have 

been effected w i t h o u t  the strength and dexterity of a human. 
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'Ihisraisesanin- ' side point: in mDst e i c  systems 

available today, Inmipitators are specialized for either strength of 

dexterity, h t  not both. 

generally do not have the positioning accuracy of ams used for exact 

pointing or positioning tasks w i t h  ligh-ight payloads. To sonre extent, 

the miasgravity envixmmmt of space may tend to help this problem, as 110 

appreciable strength of the ann w i l l  go to maintaining its position in  the 

aksence of external forces. A t  the same the, mass limitations tend to 

pl?oduce lightweight space manipulator designs, requiring either tasks 

adapted to their flexibility, or sophisticated capematory wntml 

systems to actively reduce the structural modes. 

lhose anus used for p o s i t i m  large masses 

In general, humans are excellent adaptive control systems. Humans 

routinely change gains and algorithm based on the physical parameters of 

the system being controlled, and are capable of adapting and changing to a 

continuously varying system, w i t h i n  limits. WUmans imprave w i t h  practice, 

and can transfer learned resp~llses to new control tasks of a similar 

M-. 

Humans are especially Suited for rapid processing and integration of 

visual data. Fran the first  manned o b i t a l  flights, crews have reported 

be- able to see features on the ground indistinguishable fran the best 

pbtographic records. Nuances of color, shading, and pattern may be 

instantly apparent to a human, yet be below the resolution of an 

el- 'c hag- system. 

derive spacial information frum both static and dynamic scenes, and 

continuasly update their world model based on visual data. 

Humans have the capability to receive and 
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Ihs human capacity for judgement is certainly well-discussed, but it 

might be mairrtained that there is a greater uti l i ty  for luw-level 

reasodq than for intellectual decisionlMMng capability. For example, 

neutral lcRlcryancy tests of EVA show a human capacity for hstinctive 

manewering in the simulated weightless envimrmnt , resulting in 

inpruvenmt in task prformnce without the need for restraints, and 

w i t h o u t  consciaus cansideration of body actions. ?his sort of manewering, 

d c h  is ccnnlx;ltationally caplac for a robat, can be performed by a human 

in vvbac)ajraundvl HlDde while concentrating on task planning. 

systexn shells w i l l  be important for error diagnosis and strategic 

while expert 

planning, it is the mbotic equivalent of reflexes, instincts, and CCBIpaM 

sense which w i l l  pruvide the greatest challenge for the artificial 

Many of the important decisions on the applications of humans and 

machines in space have been (and are currently being) based on prejudices 

frrmn limited prior v i - ,  a priori arguments, and large, costly 

systen~ analyses which have no meaningful underlying data base. certainly, 

the path of following past experience w i l l  probably resul t  in an operable 

space station. However, much CCQiLd and should be done to fonrmlate ard 

folluw a logical plan for ground-based analyses and sirnulatiom, and 

flight experiments, which W d  prodtuce a data base on hman 
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and machine capabilities and limitations in each of the operational 

categories needed for a success m space station program. There are t m  

caveats for such a program: first, of -, the reseamh mst be 

performed. wtt equally important, the program managers lllllst be willing to 

listen and act on the outcomes of the research, and not revert to %ried 

and truett solutions for the sake of engineering conservatism. 

one of the autgrowths of the data base develapnent described abwe 

muld be a greater quantitative 

humans and machines in space operations, and the most favorable 

cclmbinations of each t o  accaplish any particular task. TM.S may inply 

the altering of traditional roles. For -le, as discussea earlier, the 

flight crew has insisted on maintainiq an active, controlling role in 

those areas critical to safety of flight, or of mission SUCC~SS. W e r ,  

the (appqriate)  risk adversity of mission planners prohibits intuitive 

solutions to  any pmblexn a c h  can be foreseen prior to flight. 'Ibis has 

led to  the plethora of checklists d c h  describe the appropriate actions 

of both the fl ight crew and the ground corrtrollers in any contingency. 

But, it might be argued, this algorithmic approach obviates the need for 

most of those capabilities currently unique to humans, such as insight and 

judgenmt. shouldn't this argue for automated systems to inplement 

corrective action in the event of critical malfunctions? 

' of the appropriate roles of 
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In l=spmse to this question, an h h m s t h J  parallel may be drawn 

frena CUrrerR fhdhqs  in  aeronautical human factors. 

autanepny of transport flight control systems, the airline flight crew are 

assumhq to greater extents than wer the role of system managers. Flight 

control system have becanne capable of ccnrpletely contmlling the aircraft 

fmu lif toff  thmugh tauchdawn and rollout. -ex, serious accidents 

have already occurred in airline saxice, due to a flight crew which is 

neither fully aware of the intricacies of the flight control system, nor 

highly practiced in manual -1 of the airuaf t .  It seems dear that, 

short of rz?IIIoviTyJ the flight deck crew and autaaMting airliners, too much 

autoanation breeds ovemonfidence and inattentiveness in  the cockpit; the 

W i t h  the 

same w i l l  prabably be fcwd in space flight. 

?he wnclusion of this argument is to shcrw that it is nut enough to 

fully understand the limitations and capabilities of each of the cmponent 

technologies: the interactions of the pieces may be far more impartant to 

safety and mission success than the pieces thenrselves. Since the possible 

rnrmber of interactions is a cmbinatoridl problem, it is hopeless to 

postulate a rigomus or analytical solution to this problem. 

howwer, that it must be approached in a logical and methodical way i f  

programs as ccanplex as space station are to be successful. 

It is clear, 

Improved Metria 

A problem which is a t  once canceptually simpleand, in implementation, 

difficult is that of appropriate metriqs for human and machine performance 

in space. mrformance indices based on taskperfoInmce terd to be 
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unique, or specialized to a small subset of tasks. 

generic fa-, such as motions or subtasks, must take into account the 

fact that humans and machines may be able to perfom the same tasks, but 

w i l l  likely use different techniques in acccanplishing them. 

limited camrrmnities, such as EVA, there has yet to fonn any consensus on 

Indices based on more 

Even amxq 

the appropriate measurements to  produce aaparisons between 

tasks or experhmts. ?l.lis w i l l  be true in l a q e r  measure as the field 

expands to include a w i d e r  range of human and mbotic activities. 

An As-t of An-ism 

Almost all of the designs currently proposed for tel- ‘c systens 
are highly anthmpccmtric: that is, they tend tclwards a mbotic 

duplication of the human fonn. Artistls cancepts show a head (sensor 

platform), w i t h  lxo arms munted on a torso, and w i t h  one or two lllegsll 

used for grawlirrg. 

designed to incorporate (or a t  least allow) teleopratian, but its 

assumptian for a fully robotic system can only be attributed to 

engineering cansenmtism (%tick w i t h  a h w n  configuration~l) Sane 

recent results fmm simulation Mate that a rnrmber of manipulators w i t h  

l i m i t e d  degrees of freedum, designed to perform l i m i t e d  or dedicated 

?l.lis amroach is understandable for a system d c h  is 

tasks, may offer perfolxlance inaeasd over lxo aIlmqm3-c 

general-purpose manipulators. The human fom, evolved in a gravity field 

for effective protection fmm predators, is not I.becessarily the best 

adaptation for space activities, and alternate f o m  and technologies 

should be encouraged and studied carefullv. - 
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Given sufficient th ,  Support, and deterrmM ' tion, human beings have 

demm&rated that they are capable of doing almost any physical or 

intellectual task. They have shawn over the las t  that 

they are fully capable of living and worm in space, performing a w i d e  

variety of tasks, froan the routine and mundane to innwative, innnediate 

actions needed to save a mission or a life. 

of -t: 

same effectiveness as a single human. 

a full-time human, living and working in space; of a human in space 

wrkhq part-time w i t h  a robatic system; of a teleuperated system 

cantrolled by a human on the graund; or even of a fully autormws rabot 

w i t h  learning ard reasoning capabilities. 

One may postulate a new uni t  

the llhuman-equivalentll, or a system i n  space w i t h  the 

Such a system might be ampcsed of 

It is clear that the llhuman-equivalentll presence ' i n s p a c e i s o n a  

momtonically-increasing curve. AS the societies on earth start to gain 

ac3van-e~ froan space, the need for capabilities in space w i l l  continue to 

gmw. 

rautillely in space. 

implies a parallel growth in the requirement to operate 

AS a thought exper-, let u s  pick that point in the future a t  which 

machine Systens have becclane as capable as a human. It may even be 

maintained that th i s  point is nut i n  the far distant future: manipulative 

capabilities are already ammching tha t  of a human in a pressure Suit, 

and human decisions o n - o ~ i t  have been constricted to algorithmic logic 
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trees easily inplemented on nrodern capters. 

point in t h e ,  machines will be capable of p e r f o w  

dme by humans in space. A t  that point, will we (as a nation, or a 

civilization) pull all the -le out of space, ard re ly  tatally an 

m i c  systens to CQntinUe the aploratian and exploitation of this last, 

infinite f m t i e r ?  

It is clear that, a t  sane 

cumently 

A t  this philosophical. question, the author has reached the l i m i t s  of 

his original charter. History indicates that humans are capable of 

perfonnhg important, ccnrp?lex tasks in the space envirwmrerrt . As adaptive 

-, humans have onlybegunto learnhuw to aperate in this new 

errvimrnwnt. 

Hmever, much of space flight t o  date has been involved with 

ov- the limitations of biological organisnS. The evolution of 

mbotic systems has been orders of magnitude mre rapid than that of 

biological systems; there is no reason to assume that this new evolution 

will stap short of f u l l  human capacities, particularly i f  measured against 

the currently limited capabilities of humans in space. It is clear that 

both system have strerrgths andwealrnesses; that the best mixture of each 

is a time-dependent solution; and that, for the foreseeable future, the 

presence of each in  space is an absolute necessity for the effective use 

of the other. 

in space obsolete, that nust be a rationdl, consciaus decisian made by 

society as a mole, based on factors beyond those appmpriate to an 

If continued developmt of m i c  systems renders humans 

engineer- averview paper. 
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D R A F T  
IBUTION, 
OM 

W" ARE "E RELWIVE OF PMlPLE 

Mankind's capabilities change very slcrwly, whereas captexs'  

capabilities have been fast-ing. ?l.le cost of a memory ccn?ponent has 

drapped forty percent per annum for over thirty yeas, and memory sizes 

have grown even more rapidly than that (Albus, 1981; Toong and Gupta, 

1982). 

yearly, the cost of logic hardware has been dropping equally rapidly, and 

the captation work done with each unit of energy has been rising thirty 

percent per annum. 

-tation speeds have been accelerating nearly 25 percent 

CcanpUtiq harltware has becanre much more reliable and 

very much smaller. U s e r  interfaces and prograrmning lampages have 

improVea considerably, especially over the last decade. 

had evolved as rapidly as CcDnpUters since the mid 1950s, the best runners 

wmld now finish a 2 6 4 e  rtlarathan in 2.3 seccwls, a bright student wuld 

ccpnplete all schooling froan kinaergarten thruugh a Ph.D. in a bit over t m  

days, norxnal eatem wmld consume one calorie per mnth, and half of 

America's families wwld be earning mre than $141,000,000 annually. 

If hurrran beings 

The inpmements in canput- costs, sizes, and speeds have generally 

exceeded the mcst opthdstic forecasts of yesteryear, as has the 

pmliferation of CQnlJUters. unfulfilled, huwever, have been the forecasts 

pwdicting that mqxters wmld shortly be able to i m i t a t e  human be-. 

For example, in 1960 S h m  opththtically speculated that llDLq?licating the 

problenr-solving and infonnation-Ming capabilities of the brain is not 

far off; it wmld be surprising if it were not accmplished w i t h i n  the 

next decade1* ( S h n ,  1960:32). 
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ccarqxzters have not, in fact, developed an abi l i ty  to reasan very much 

like people, and cconpzter simulation of human thought has had little 

succes8 (Albus, 1981). when ccanprters look mst  effective solvjng 

pmblems, the mqmters use quite different techniques than people apply 

(Weizenbam, 1965; Winograd and Flores, 1986). 

(1957) studied students' efforts to prave theorems i n  mathematical logic, 

and inferred that the students search for proofs, us- heuristics that 

generally lead taJard proofs but do not guarantee them. challenged by 

For example, N e w e l l  et al. 

such mrk, Warrg  (1963) devised a CCBlpxrter progrma that efficiently pmed 

all 200 theorems in the f i r s t  five chapters of PrinciDia Mathematics. 

Jab-shcrp scheduling affords another -le: Scientific-managemmt 

studies of human pmduction schedulers led to the develapnent of GarM 

charts to portray graphically the activities of varims machines, and thus 

t o  help human schedulers visualize the cascadllsg ' implications of 

alternative assignmenis cmpters generate jobshop schedules by solvirg 

h teger -pmgmdq pmblems that no hman could solve correctly w i t h o u t  

machine assistance. 

?he diff- between people and autpters have an illusory quality, 

insofar as people tend to take prevalent human abilities for granted and 

to notice rare or inhuman abilities. I f  cqmters did opexate exactly 

like people do - working a t  the same speeds, making the same mistakes, 

shcrwing the same fatigue, ccmplaining about unpleasant tasks, and so 

on - people a d  regard CcBlpXlters merely as inhuman labor. 

most impresS people when they a-t human abilities significantly - by 

working silently ard tirelessly, by mculating with dazzling speed, or by 

displaying tatal consistency. 

Ccmptem 
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wzt the quite real diffemxes be- people and cxanputers are 

persistent and p f a n d .  Ram than regard ocmprters as patential 

imitatorS of human-, it makes better sense to loakupon them as a 

distinct species - a species that prefers different larquages, reasons 

with somewhat different logic, finds canfort in different habitats, and 

CQTlsUmes different foods. 

ccpnlxlters are Illllch better symbol manipulators and Illllch stricter 

logicians than people; and ccPnputers are nu& mre decisive, literal, 

precise, obedient, reliable, consistent, and transparent. 

act bath much mre quickly and much mre slcrwly than people. 

ins-, amputem w i l l  carry out utterly absurd instructions or they 

ccarpxrters can 

I f  so 

w i l l  remain cmpletely calm in the face of impenaurs ' disaster. ccanputers 

easily simulate what-if conditions; and they can extrapolate even the most 

farfetched implications of theories or conjectures. 

-le, on the other hand, possess brains tha t  are so much mre 

ccaplex than the largest that cxmprrisans make 110 sense. These 

brains carry an nunemus sifilultaneaus and interacting processes, same of 

whiuch operate entirely autanratically. without even trying, people prrx=ess 

visual and auditory data of great complexity. -le can shift levels of 

abstraction fran detail t o  generality and back, they separate foreground 

images fram ba- images, they distinguish pat- while remainirrg 

aware of CQslteXts, and they attend to inprtant or unusual stimuli wfiile 

ignoring unimportant or mutine s t h d i .  People have quite extensive 

memories that possess structures; and i f  they have relevant 
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information in their memories, people usually kncw it and they can usually 

fird it. People can cprate with inprecise and m t  inccnp?lete plans, 

and they can extrapolate their past experiences to novel situations while 

x e a ~ & z i q  that they are indeed operat- outside the limits of their 

direct experience (Allen, 1982; Dreyeus and Drgrfus, 1986; Moray, 1986; 

Reason, 1986; Winograd and Flores, 1986). 

perfiaps most importantly, people are mre playful than ampters  and 

better at making mistzkes. Whereas ccnpxlters cbey instmctions literally, 

people often ignore or forget instructions, or interpret them loosely. 

Not only do people tend to deviate fram plans and to test the limits of 

assunptions, 3X1t many human perceptudl skills and respanse lIlDdes depena on 

abservk~ deviations fram expectations or goals that may be evolviq. 

Sametinres, people begin to doubt wen their mst basic beliefs. mus, 
people g-ly a g e d  to make mistakes and to learn f m  them, and 

creative people may be very good at learning fmn mistakes. If they have 

sufficient time, people can learn to correct their mistakes a t h e y c a n  

reprogram themselves to take advantage of umpcted situations. Although 

capbrs also m e  and react to deviations, capbrs have not yet 

exhibited much capability to devise goals for themselves, to reprogram 

themselves, or to question their awn basic premiseS (Valiant, 1984). 

ceanplters lRlst be told to learn froan their experiences, and efforts to 

enable them to learn have, so far, been restricted to very narrck~ dcanains 

of activity. 

place, so they have less need to learn fram mistakes. 

Also, CcBnpUters are good at not making mistakes in the first 
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People are, haever, pretty diverse and flexible. s ~ a e  -le can 

learn skills and perform tasks that other people find impossible; and 

since NASA CM choose froan a l q e  pool of amlicants, the extreme 

capabilities of exceptional people are more important in space systems 

than the average capabilities of typical people. 

space systems first receive thorough training, so their deficits of 

heqerience shmld be small; k u t  this training itself may impose ericas 

liabilities, such as a tendency to rely on well-practiced habits in nuvd 

situations. 

The people who operate 

muse people are flexible and complex, they often surprise 

scientists and systems designers: People may change their behaviors 

significantly in response to ostensibly small envimmmtal changes, or 
people may charrge their behaviors hardly at all in respanse to apparently 

larye em- changes. 

quite stmngly on the sequeme of evenk leading up to that situation, 

including the degree to whia the people see themselves as hav- helm 
to create the situation. Accurate statements about microscopic details of 

human behavior rarely prove XCU.EI~~ as statements about general, 

macroscopic behavioral patterns, or vice versa. 

studies of people who are be- paid low hourly wages for making repeated 

choices betxeen two clearly defined, abstract symbols that have no 

implications for later events pmbably say little about human behavior in 

real-life set t iqs  where actions may have persistent and persanally 

significant 

as having choices. Conversely, broad generalizations about the behaviors 

HOW people react to a situation may depeml 
* 

For exanrple, experhmtal 

and where actors may not even perceive themselves 

of most people in diverse situations prabably say little about the 
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behwiors of carefully selected people who are performing umswd tasks in 

wh i&  they have great experience. 

The resezmh issues that are inportant for desi- hman-aquter 

systeans seem to be anes CmCeAng the praper balances opposing 

advantages and disadhranta ges, rather than anes dtEmxbg ' newcmcepts tand 

the best resolutions of these issues are certain to shift as ccanpzters 

acquire greater capabilities. 

any generalizations about the praper dividing lines between human and 

ccanptter respansibilities in space systems, and I am not advocatixq any 

reseamh aimed a t  describhq human capabilities in general. 

of space systms should not depend on general theories, h t  should test 

fairly realistic mck-ups of interfaces, hardware, and so-, w i t h  

people who are as w e l l  trained and as able as m a l  astronauts and 

contmllers. 

cansequently, I w i l l  not attenpt to  state 

The designers 

The designers should also investigate the sensitivity of 

performance measures to small variations in their designs (cruenenfelder 

and mtten, 1985): Do small design changes produce large changes h 

perfonnance? Both to Wmve the quality of designs and to @mve users' 

acceptance of designs, experienced astmnauts and contmllers should 

participate i n  the designing of interfaces and systemst and because early 

decisions often castram ' later modifications, astmnauts and cuntmllers 

should participate frran the keghnhx~ of any new project (Crudin, 1986). 

Today's ccanprters cannot imitate people very closely, but the 

differences people and CcBnpUters inply that ccmnbina t ions  of the 
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two can achieve results beyond the capabilities of ea& alone. For that 

reason, NASA shculd devote reseamh effort to imprarinS the interactions 

and synezyies between people and ccPnpzterS. 

Five resear& topics seem especially interesting and important because 

(a) Icanseehuwtoprsuethemand(b) Icanforeseescanereseamh 

findings that wmld translate d i n c t l  y into imprwea perfolmnces by space 

systems. 

2. m t -  U s e f u l  workloads 

3.  Anticipating Human Errors 

4. Developing Effective Interface Iarrguages 

5. using r h n k $ h l  Interface Metaphors 

Foster- Trus t  Between People d Expert Systems 

Decision-mpport systems are ccgnplter pmgrams and data bases that are 

htended to help people solve prablems. Same decision-support systems 

merely afford their users easy access to data; other decision-support 

systems actually propose solutions, possibly basing these praposals on 

data supa?lied by their Users (Wooas, 198633). 

systems are decision-mpport systems that a- to embody the 

specialized knowledge of human experts. Their pmponents argue that 

expert systems can, in principle, make specialists' -ledge available to 

nonspecialists: every CFA might be able to draw upon the ccnnbined 

mise of several tax specialists; every general practitioner might be 
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able to make subtle diagnoses that reflect advanced tram in many 

specialties. Expert systems might perfom even better than human 

aperts: 

to people (Burke and Normand, 1987). cCanplters@ huge mries and high 

speeds might enable them t o  imestigate more alternatives or to take 

accQllllt of more corrtirrgencies than people consider. cqmtem may also 

avoid sane of the logical errors to which people typically fa l l  prey, and 

thus may d r a w  sane inferences that people wouldmiss (Bob= et al., 

1986) Advomtes of statistical decision theory value mnputm3' ability 

a 
may be able to abtain data that would be unawul ' able 

t o  adhere quite strictly to such fonuulae. Sam praposals would have 

mputers formulating recoamnendatims and people then scseening these 

recanmrerrdations and deciding whether to accept them (Burke and Nonnaxd,  

1987; Dreyfus and Dreyeus, 1986; Woods, 1986a, 198633). 

Not ev- holds an optimistic view of expert systems! putential. 

Stanfil l  and Waltz (1986:1216) remarked: QiLe-based expert systems ... 
tend to fa i l  badly for problems even slightly outside their area of 

expertise and in unforeseen situations.11 Dreypus and Dreyfus (1986:108) 

have argued that human experts do not follow decision rules but instead 

they remnber "the actual autcames of tens of thousands of situations1t, 

and that "If one asks the experts for rules one w i l l ,  in effect, force the 

expert to regmss to the level of a beginner and state the rules he still - bxt IX) longer uses." consequently, Drg9us and Dreypus 

(1986:109) predicted "that in any domain in which people exhibit holistic 

understanding, no systems based upan heuristics w i l l  wnsistently do as 

well as experienced experts, even i f  those experts were the informants who a pmvided the heuristic rules.Il 
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Dreyfbs and Dreyfbs' critique may be valid. lxltton and I (1971) spent 

six years studyirvJ an exper t  procluction scheduler named Charlie, including 

one eull year investigating his procedure for estimating how nu& 

production time any schedule represent&. charlie estimaw time by us- 

the relation: 

prozhrction Time = Schedule Length / Speed 

1% gradually were disabused of the idea that charlie has a 

captation procedure for speed and were minced that he obtains his 

sped estimates by a table look-up. 

associations between speed and schedule characteristics, and he looks up 

That is, Charlie has mmrized the 

speeds in his mmry in scmuewfiat the way one loaks up t e l q  numbers in 

aduecto ry. 

amputation pmcedure was a novel idea, intriguing to contenplate but 

difficult to conceive of. 

discrete rnrmbers distilled from a long series of unique experiences. 

Although he can interpolate and extrapolate these numbers - implying that 
the stored speeds must be specific examples from a systematic family of 

numbers - he distrusts the interpolated values and speaks of them as 

hypoUleses to be tested in application. 

mre reliable that they might be a different kind of information 

altogether. In fact, Charlie can recount, for a larye pmportion of his 

table entries, specific mmnbemd situations in which the c b t a n c e  

was 

so docunmt, a m y ,  are those apprupriate to situations arising 

In our interviews, -lie talked as if the exi- of a 

He thinks of the speeds in his table as 

The stored values are 60 much 

and the speed absewed. The only speeds that he doe5 nut 

0 ~.IIK& daily" (IXttOII and Starbuck, 1971:230). 
821 



We calculated that Charlie had mrized apprwcimately 5000 production 

speeds=- ' to various situations. wrt we also discovered that 

Charlie's pmduction-time estimates could be predicted quite accurately by 

a simple linear equation that had a and generalizable 

interpretation in terms of the physics of the production process. 

than thcxlsards of machine speeds, this linear equation required only a few 

hundred parameters. Thus, we could state a pmcedure that was shpler 

than the one Charlie used; and because this artificial procedure had a 

physical interpretation, a user could mre confidently extrapolate it to 

navel production situations. 

Rather 

One of the best-3amwn expert-system projects not only prcdwed a 

heuristic program, LENmAL, but also led to the development of an 

efficient algorithm for generating molecular structures (Bennett et al. , 
1981). 

whereas the algorithm has had mch (Dreyfus and Drew, 1986). 

Evidently, the heuristic program has received little practical use 

One &viaus question is: why rrmst expert systems closely resemble 

human experts? Ihe proponmts of systems typically equate 

expertise with human beings, so they see imitating human expertise as 

essential to cl=ating expert systems; and their critics focus on the 

differences be- captexs and -le. yet, ccnrqxters possess 

different abilities than people. ccaqxlter pmgradng efforts that have 

begun by hitat- human behavior have often ended up using techniques 

that made no pretense of Mtating human behaviors; and engineers and 
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scientists have devised, without Mtating human expertise, many 

techniques that enable ccarpxrters to exceed the best of human capabilities. 

Other questions arise cmcemhg people's willingness to depend upon 

cmpter-based q?ertise. Collins (1986) intewiewed actual and potential 

users of severaJ. widely known expert systems for accaunting, chemical 

analysis, mathematics, medical diagnosis, and -ts 

ordering. 

users: the one for ordering CCDnputer ccanponents (m). It has 
straight-forward logical processes and it draw no subtle inf-; it 

she found only one of these expert systems that has active 

mainly helps sales pemomel forget no details when they f i l l  in orders, 

and the sales said they appreciated not having to waste their 

time worrying about details or waiting for access to a human expert. 

may be relevant that the users of this system sold cmputhq equipmt. 

Cmcemhg the other expert systems, potential users expxessed 

considerable distrust, of other human experts as w e l l  as capters;  and 

the potential users may view these systems as threatenbq their uwn 

experthe. However ,  the people who actually participated h creating 

t h e s e ~ s a i d t h e y d o t r u s t ~ a n d ~ d , ~ t d o n a t , u s e ~ .  

Callins in fermi  that trust in an expert system canes either f m  

participat- in the design process or fram being able to change the 

system to reflect one's own m i s e .  ?his inference meshes with the 

general pattern of psychological research, but neither of these options 

was available to the cmputing-equipment sales persoMel, who were the 

users voicing the greatest trust in an expert system. 

It 

a 
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Cmplex issues sumcam3 the idea that a user shcruld screen an expert 

system's recanmerdatians and decide mther to accept them. 

system dram the same inferences that its user wuld draw and i f  it 

recaatpnends the same actions that the user would choose, that user w i l l  

easily leaxn to trust the system. 

expert system for cagm-ts ordering. Such a system may relieve 

pecple fram having to perfom berm or easy work, but it adds very l i t t le 

to a user's intellectual capabilities, whereas in principle, 

precise lcgic and extensive caputation capabilities and the incorporatian 

of exceptionally high-quality expertise might enable exper t  systems to 

draw substantially better inferences than their users and to choose 

distinctly better actions. 

expert system that draws significantly different inf- and that 

chooses significantly different actions than the user muld do. 

expert system also uses a canptational pmcedum that diveryes quite 

dramatically fram human reasOnirrg, the system may be unable to explain, in 

a way that satisfies users, why it draws certain conclusions and not 

athers. 

making good recoamnendatims or bad ones. 

If an aper t  

seems to be the case w i t h  the 

Y e t  a user is quite likely to distrust an 

If the 

D i s t r u s t f u l  users may never discover whether an expert system is 

?his calls to mind the experience of a manufacturing firm that 

installed one of the f i r s t  computer-based systems for job-shap 

scheduling. ?he system's czeators p d s e d  that canpter-generated 

schedules muld produce considerable savings in caparison to 

hmanqenerated s&edules. The factoryls managers, however, were  not 

entirely sure of the goodness of c4mpu~enerated s c h u e s ,  and they 

wanted to minimize the bylied insult to their human production 
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s&edulers, so the xnanagers told the schedulers to follcrw the ccltnputer's 

reccnrauerdatians as long as they agreed w i t h  them, but to substitute their 

own judgement when they thought the CCBnputer hadmade bad 

reccanmendations. An evaluation mrdwted after one year showed that the 

ccanputer-based !system had yielded 110 hpmmt?ntS w. 

But research may be able to suggest - answexs to these issues, a t  

least in part; and good design may be able to resolve them: Ekpert 

~ , e v e n t h e o r m t h a t c a n n a t m e a n i n c L J p u l  ly  explain the lTzWnh3 that 

leads them to make certain recammendations, should be able to explain why 

they believe their recammendations to be good. -le who cannot 

formulate a good recamnrendation may be able to recognize a good 

recaamnendation or a bad one, and people do sametimes recognize their own 

limitations. A t  least same of the people who manage factories have 

learned t o  t r u s t  cmputer programs for production scheduling or inventory 

carrtrol even though these people could not themselves generate the 

c a p - '  solutions. 

The fo-oing absewations highlight the practical significance of 

research abaut the factors that influence people's trust in  CcBnputers' 

expertise. In what ways should a decision-support system's howledge and 

logical rules f i t  each user ~ v i d u a l l y ?  Given opprtunities to tailor 

interfaces to their personal preferences, inexperienced users may design 

interfaces poorly (-is and Landauer, 1982) : DO users trust systems 

more or less wfien t a i l o r i q  is postponed until the users gain considerable 

V i e n c e ?  How do task characteristics affect a user's w i l l k p e s s  to 

trust a decision-mpport system? In  what circum- does a user decide 
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to trust a catpter system that captures the lacrwledge of 

user does nat laaw persawdly? What kinds of experiaces lead a user to 

trust a decision-support system that the user regards, a t  least partly, as 

wkan  the 

a blackbox? What kFnds of experiences emaxage a user to see a 

system's limitations and to override bad recaamnendations? - 
and to leave the nonruutine, difficult tasks for -le. One reasan for 

this may be the prception that n o m t i n e  tasks are interesting and 

c h a l l q h ~ ,  and thus worthy of human attention, whereas routine tasks 

aPP=--w-- ing,and=de=nJw ' topeople. Butamore 

impOrtant reason may be the practicality that designers can figure aut how 0 
to autanate mutinized activities whereas they cannot effectively autamate 

activities that vary. 

This division of labor produces the that, as autaaMtion 

progresses, people's work beccnnes more and more diverse axxi unpredictable 

and it takes on more and more of an emergeracy fire-fighting character. A t  

the same time, cutting people out of routine tasks isolates them fm 

on-gohg information about what is h a w  and forces them to acquire 

this information while they are trying to perform mmtine ,  difficult 

tasks. The human controllers in a system may not even be warned of 

gradually developing prablems u n t i l  the system exceeds critical limits and 

alarms go off (Weher, 1985). Thus, people's work gmws less do-able and 
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more Stressful (Senlers, 1980); and exkem Stress and extrenE time 

pressum may cause peuple to do poorer work and less of it. 

III many tasks, autamation d s o  haeases the short-term stability of 

the variables used to &tor performance; as Weher (1985:83) pk it, 

~~autmation tunes out small errors and creates opportunities for larye 

ones.1v De Keyser (1986) has suggested that this short-term stabilization 

c a w  the human operators to shift fram an anticipation logic to a 

-cry logic: 

them, the operators wait for significant urdesirable events to occur. 

-re, IIAt the highest autamation stage, the production operator has 

only very sketchy aperating images of process and installation.... ~e 

will not make a huge investment in absewation, checkirrg, judging, 

establishing relationships, gathering of data without being certain of its 

usefulness. 9m operator does not invest psychologically in a role which 

instead of keeping track of events and hying to m g e  

escapes him" (De Keyser, 1986:234-235). Hence, De Keyser et al., 

(1986:135) have advccated that 'Ithe person still play an active part in 

the cgvjoing activity, nut because this presence is w, but because 

it aukmatically keeps the persan up to date on the current status of the 

system, the better to respoxl if an emergemy situation devdops.~~ ?his 

seems a plausible hypothesis, but an equally plausible hypothesis would be 

that operators tend to work mcharn 'stically when they am performing the 

kinds of activities that could be autamated. 

De Keyser also, however, pointed out that serias emergencies call for 

as nu& automation as possible because they produce extren~ time 

pressures, extmmely CallpleX prablem!S, and extreme dang- - all of which 
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greatly degrade the capabilities of human operatom. Of course, people 

a m  utterly unable to respond as quickly as sme enumpncies demand. ' Ihis 

poses a ~atch-22. AS larrg as the designem of a system have sufficient 

unAerstandiq to be able to prescribe hcw the system shuild 

serious emergency, they should incorpOrate this 

to a 
' i n t h e  

systemls aUtamatic respanses. 

inply that the autawatic system works so w e l l  that a planned-for seriolls 

emerqency mer occurs. consequently, when a serious emexyemy does 

arise, is not design error one prcwinent hypothesis abcut its cause, and 

does that hypoureSiS not render suspect the diagnostic information being 

produced by the system? Any system4esign process establishes a frame of 

reference that identifies same events as relevant and important, and ather 

events as irrelevant or unimportant; and a cost-effective system d t o m  

the relevant and inporhnt events and ignoms the irrelevant and 

unimportant ones. 

information about sowe of the events that produce a serious enmqency, and 

the incomplete infomation that the system does have available may w e l l  

lead human diagnosticians astray. Moreover, human aperators who 

participate contirnrausly in a system might grcrw so familiar w i t h  the 

system and its Current status that they overlook anamdlies and lack the 

objectivity to respcnd effectively t o  a serious emergency. 

W z t  such q l e t e  understanding shuild 

But this is likely to lllean that the system lacks 

Trying to diagnose the causes of an un- elwryency and to 

develop d e s ,  human operators mst understand ca-p~uters and other 

machines extrenely well, wfiich implies that they are quite cmfortable 

with angutem and w i t h  the causal models they incorporate; but on the 

other hand, human operatom Illllst distrust their capters and 
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-based models sufficiently to be able to sift -enerated 

infonnation with skeptical eyes. Similarly, confidence in their training 

can help people remain calm in an emengency, but confidence in their 

trahxiq also b l ~  people to its shortccanings . Itthus!seemslikely 
that the people wfio do the mst good in emeqencies have an ability to 

discard their preconceptions and to look at situations frcan new points of 

view (Luchins and Luch.ms ' , 1959; Watzlawick et dl., 1974) . NASA should 
investigate the degrees to wh ich  such an ability varies amng people and 

can be predicted or taught. 

workloads vary in duration as well as intensity. -le can cape w i t h  

very - workloads for short periods, yet they experience stress fram 

moderate workloads that persist for long periods (w and Karasek, 

1984). 

vulnerability to infection, take time to develop. 

sho~-duration shuttle flights do not afford a good basis for forecasting 

the workloads to be experienced on longduration tours in a space 

station. 

gained fram l q  stays in confined spaces such as Antarctica, Sealab, and 

Same physiological reactions to stress, such as ulcers and 

Thus, the 

NASA should continue to investigate the workload expriaxes 

nuclear s u h ~ ~ i n e s  (Bluth, 1984). 

Anticipating Ihnan ~rrors 

Overloading causes people to make errors, but so do boredom, 

inattention, and indifference. Human errors are bath prevalent and 

inevitable (Senders, 1980), and many human enrors are desirable despite 

their costs. -le exper-, and some of their exper- turn out 
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badly. -le deviate from their instructians, and sane of these 

deviations have bad -. 

Norman (1983, 1986) and Reasan (1979, 1986) have initiated research 

into the causes of errors and ways t o  prevent or correct them. Norman, 

for instance , disthguhhed errors in intention, which he called mistakes, 

fram errors in carrying out intentions, which he called slips. ~e 

classified slips according to their suurces, and then suqht to prescribe 

d e s  for various slips. Table 1 lists same of Nonnanls Categories and 

prescriptions. 

Recognizing errors' hprtance, NASA's Human F'actors Research Division 

is currently conducting same well-thought-out research on exmrdstection 

and on error-tolerant systems. Error-detection systems m d  warn peqle 

when they appear to have d t t e d  actions, to have acted out-of-order, or 

to have taken harmful actions. Errorctolerant systems m d  f i r s t  detect 

human errors thruugh unabtrusive mnitorixq and then try to remedy them. 

This reseamhhasrnuchto reccnrmend it. But same errors arevery 

costly to tolerate, and same errors are very costly or impossible to 

correct. So human- systems should also try to predict human 

emom in order to make serious errors unlikely in advance (Schneider et 

al., 1980; shneiderman, 1986) Wt is, p m  'onmaYbeChElprand 

mre effective than cure, and research on error prevention might usefully 

ccmpltment the current projects. 
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of caurse, all ~UIBII-CONPU~~~ system exp,ress same assmptians about 

their human participants. 

implicit; and they have nearly dlways been static, insofar as the 

assmptions have not chaqed i n  response to people's actual behaviors 

(Fbuse, 1981; nUner and Karasek, 1984) For many tasks, it wmld be 

feasible to explicate fairly accurate mDdels of -le. 

need not be very accurate i n  0xde.t- to make useful predictians or to 

suggest where adaptability to people's actual behaviors might pay off. 

cmpubrs might, for -le, predict that people wfio respond to  stimuli 

quickly are mre a le r t  than people who respond slcwly; or they might 

predict that experienced people wmld respond mre quickly than 

inexperienced ones; or they might predict that people would be mom likely 

to behave i n  habitual ways than in unusual ways; or they might predict 

that people wmld be less CMCerned about small discrepancies when much 

activity is occurring. Based on a review of human-factors research, Simes 

and S i r s k y  (1985) hypothesized that: 

These assmptions have nearly always been 

In fact, models 

o experience or frequent use of a canputex system decreases people's 

need for inunediate feedback (closure), 

o experience or frequent use decreases the inportace of human 

liraitatians in information processing, 

o experienca or frequent use decreases the inpact of sensory 

averstimulatian, 

o task q l e x i t y  inmeass inaperienced people's need for immediate 

feedback, 
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o task capllexity the hportance of human limitations in 

the information prpcessing by inexperiax!ed people, and 

o task caplexiw the impact of sensory averstirrmlation. 

As NASA's human-fadm scientists w e l l  understand, caqutem that 

predict, detect, and remedy human errrlrs raise issues about who is 

actually in control. 

to deviate frcan their instmct ions? 

When should people have the right to aqerimsnt or 

Develophq Effective Interface Languages 

. 
Cmmunication be- people and CcglQXEters may resemble mumuniaition 

bebeen people who mue fraan very different backgmmds, say a tribesman 

frcan the Kalahari desert and a whiz-kid mathematician frcan Rmoklyn. 

-use ccnnpum do differ fmm people, the people who interact w i t h  

ccnnputers need to remain aware of these differences, and the interfaces 

for human-ampter interaction s h a d  lfemird users of these differences. 

?his need became clear during the 1960s, when Weizenbaum created a 

a 

program, ELIZA, tha t  wnversed in English. 

understanding of the topics about which it conversed. 

imitated blindly the vocahlaries of the people w i t h  whoxu it wnversedt in 

effect, EL;fZA merely repeated people's words back to them. Y e t  Weizabam 

(1976:6) &served: "1 was startled t o  see haJ quickly and hcrw very deeply 

people conversing with [EL;fZA] became emtionally involved w i t h  the 

ccnnputer and how unequivocally they anthmpcmorphized it." 

EL;fzA had almost no 

Instead, it 
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Weizenbam's mre colorful exartlples concerned people who did not have 

close a- with cCPrPJuterS. 
hman-ter interaction has focused on -le who lacked t h o w  

training and who had little experience with capkers. Although such 

reseamh findFngs can benefit the design of training programs, design 

characteristics that have strang effects on navices may have negligible 

effects on expert users, so zabst of these findirrgs may not extrapolate to 

the well-trained and experienced operators of space systems. There is 

need for studies of well-trained and experienced users. 

Nearly all of the research on 

sheppard, Bailey, and their colleagues (- et al., 1980, 1984) 

have run experiments with professional programmers hav- several years of 

experience. Rre first three experiments involved prugrams or program 

specifications that wem stated either in flawr=hart symbols, or in a 

conswined pmgmn4esign language, or in carefully phrased, normal 

English. lhese experinmts asked experienced programmers to answer 

questions abmt program specifications, to write and debug programs, or to 

correct faulty programs. The fourth aperiment d t t e d  flowchart symbols 

and substituted an abbreviated English in which variables' names replaced 

their English desmiptians; and the programmers were asked to add 

instmcticms to pmgrams. Table 2 mmnnarizes the results: Normdl Errglish 

turnedcuttobeconsistentl y inferior, and the pmgmm3esign language 

pmved consistently superior. 

One liability of a naturdl language such as English is its 

generality: &cause vocabularies are lazye and linguistic structures are 

flexible, much ambiguity surrourds each wad, phrase, and sentence. 
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speakerscanmakestatemntsthatmanalmostanything,ornothiq. Even 

a restricted language, prabably because it resembles unrestricted 

natural larrguage, may lMke users uncerhm ' what COamMnds a m  legitimate 

andmeaningArl to the conpter System (Jarke et al., 1985; shneiderman, 

1986). Ambiguity and unused ccanpldty create noise. 

Bath people and ampters absorb information faster and mre 

accurately when their interactions make good use of themes, chunkiq, and 

equmces (Badre, 1982; S h e s  and S i r s k y ,  1985) Overall themes can help 

people or c a p k r s  to predict what information to expect and what 

information is important. Effective chunkhq aggregates information into 

batches that have meaning within the -text of specific tasks. Effective 

sequencirq preserrts information in  a familiar, predictable orcier. 'Ihenres, 

chunking, and sequences can imprmre ccmunication in any kquage, but 

they may becoarre mre important when a language has mre generdity. 
a 

A second liability is that natural language wakes the habits of 

thinking and prablem solvhq that people use h everyday life. 

al. (1980:900-901) remarked, for -le: 

Green et 

pllndamental strategies of parsing used by people seem, i n  fact, to  be 

ah& f i r s t  and forenrost a t  avoiding pars- altogether 

(i) 

(ii) 

i f  the end of the sentence can be guessed, stop listening; 

i f  semantic cues or perceptual cues (boldface, iniienthq, pitch 

anastressinspeech) a r e ~ g h t o s h a w w h a t t h e s e n t e n c e  

-, Stapparsingt 
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(iii) if  syntactic signals (d, -s, -ly, etc.) are available, use 

them to make a guess a t  the SenteTlCe stmctme; 

i f  there is no help for it, make a f i r s t  shut at parsing by 

m t i n g  wether the closest acceptable pairings - nmm to 

theneamstverb, i f t o thenac t then ,  etc.; 

only i f  that f i r s t  shut fails, try to figum out the stnrcture 

by matching up amstituents pmperly. 

(iv) 

(v) 

Not u n t i l  Step (v) does the human start to parse in a manner anythirrg like 

the amputer scientists@ idea of parsing; and the phrase 'figure out@ has 

been used advisedly, for by the tinre that step is reached people are 

doing scmething mre like problem solving than mine readiq or 

listening. I@ 

Infoxmation displays can impxuve ccanprehension by offering symbolic 

and, especially, perceptual cues that help peuple to interpret messages. 

~awever, designhq good displays is made ccanplicated by the potentially 

large effects of overtly small cues. In a study of a casnmard language, 

for instance Payne et a l e  (1984) faund that users' drapped 77 

percent when the operatormzds were displayed in uppr  case d the 

aperands were displayed in lower case, thus pmvidirvj visual distinction 

between the b o  categories. Further, changes that imprave performance in  

onecmtextoftendegradeperfoxmanceinanothercmtext,andchangesthat 

improve one dimension of performance often degrade another aimension of 

perfornance. A flowchart, for ample, may help users to trace forward t o  

the of sc~ne initial canditions but it may impeae their 

badward inferences abaut the antecedents of sane tezmnal ' conditions 

(Green, 1982). 
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A third liability may be that natural languages lead users  to assume 

thatmpute&reasmng ' resembles human masonbg, whereas artificial 

progranmcing or query languages remind users that CcglQXrters' 

differs f m  human masonbg. 

natural ones might be mre effective media for cammicatian between 

people and ccaplters in contexts where the CcDnpUters closely s w a t e  

human-and- ' , even thuugh artificial languages might 

T h i s  suggests that languages resembling 

be mre effective caammtnication media in applicatians tihere 

deviate from human masonbg. 

unstudied so far are the intexactions between social contexb ard 

interface languages; virtually all studies of interface languages have 

involved people working on tasks that they could perfom alone. 

systems areate stmng social contexts. 

Mle they are interact- with CcItnpUters: 

Yet space 

The operators talk with each other 

Queries between people 

instigate queries to colnptem, and messages fronl ccarqxrters becoane oral  

statements to other people. ~e &&tin (1985) faund that sales pemomel 

who w e r e  interacthq with a c a p t e r  and custaslrers simltanecrusly greatly 

preferred an interface that allawed them to pose queries in rather free 

sequeme and phrasing. Thus, interface languages that awnximate natural. 

languages might aUn out to be mre valuable in space systems than in the 

situations that have been studied. 
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o(\ QUOTAM 
me very significant Cantritxrtion to human-aaqnter interaction was 

&mxts star interface, which derived frcan many years of research by many 

-. 
that evolved f m  experiments with pratatypes. Accozdiq to Canfield 

smith et al. (1982:248-252), types of concepts are hhermt ly  

difficult for people to grasp. Without being too formal abaut it, our 

experience befom and during the star design led us to the follawing 

classification: 

Rre star interface embcdies a number of design principles 

visible invisible 

editing Prograzrrming 

interactive barn 
The characteristics on the left wsre incorporated into the star useris 

canceptual model. 

avoid.. . . 
Ihe characteristics on the right we atterrpsted to 
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@I?hs followiq main goals were prsued in designirq the Star user  

interface: 

familiar user's conceptual model 

see* and point* versus remakering and 

wins 
what you see is what you get 

d v d  canards 

consistency 

s-licity 

mDdeless interaction 

user tailorability 

I t . . . W e  decided to create el- 'c counterprts to the mysical 

&jects in an office: paper, folders, file cabinets, m a i l  boxes, and so 

on-anelectronl 'c metaphor for the office. 

electronic Iworld' seem more familiar, less alien, and require less 

W e  hoped this wmld make the 
0 

training.... W e  further decided to make the electrolll ' C  analogues be 

concrete objects. 

wmld be repmsented by pictures on the display screen. They wmld be 

selected by pointing to them.... 

a picture of a file drawer, just as you take a physical piece of paper to 

a physical file cabinet.It 

Documents wwld be more than file names on a disk; they 

To file a document, you wmld m e  it to 

NASA's V i r t u a l  E n v i r o m t  Workstation illustrates a much more 

avant-garde metaphor (Fisher et  al., 1986) This project wmld give a 

robot's operator the sensations and perspctive of the robot: 

the operator's helmet wmld show views taken by cdmeras on the rob&; 

Screens in 
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sensors wmld pick up the operator's arm and finger mvements and 

translate then into nmmmts of the robot's anus; and the operator's 

gloves wmld let the operator feel pressures that the robot's fingers 

feel. The operator a d  have the sensation of be- h i d e  the robot, 

and the rabot wmld became an extension of the operator's a m  and hand 

movements, even thaagh the robot might be many miles fm the operator. 

Mth0ug.h meta@wrs wnstitute a fairly new frame of reference for the 

designem of interfaces, a designer or user can look upan eveq interface 

as a metaphor of scanethllsg ' , andthusthedesignissueisnotwhetherto 

adopt a neta-r but what metaphor to adopt. Each metaphor has both 

advantages and disachmn tages. AS S t a r l s  designers noted, an effective 

metaphor can both reduce the ammt of learnirrg that inexperienced users 

must do and accelerate that  learning. An effective metaphor can also tap 

into users' well-developd habits and thereby reduce errprs and speed 

mqonses; and experienced users as well as inexperienced users shaw such 

hpmements. For instance, Ledgard et al .  (1980) slightly modified a 

text editor so that its COBnmands resexbled short English sentences: The 

original, notatianal CQlIpaand RS:/m/,/OK/;* became CHANGE Azlt t1K13t1 TO 

"OR', and the notational c!amard m:/Toc1IH/ became FORWARD TO "m'. 
As Table 3 shms, such changes hpmed the performances of fairly 

experienced users as w e l l  as inexperienced users. 

But every interface metaphor breaks dawn a t  scime point, both because a 

metaphor differs fKHa the situation it simulates and because an interface 

differs fm the c a p t e r  it represents. People i n  real offices can take 

actions that users canrmt simulate in star's electrolll 'c office, and Star's 
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el-c office all- actions that wuld be imposSible in a real 

office. 

operator's instinctive f-er movenmts, and an operator in a shuttle or 

space station wmld lack the mobility of an unconfined rabot. Yet, users 

are likely to draw s t m q  inferences about a c u n p t e r ' s  capabilities froan 

the human-ter interface. LBdgard et al. (1980:561) noticed that ''-e 

users made IX) distinction between svntax and semantics.. . . 
actual CCBmnands embodied the editor to such an extent that many were 

Surprised when told after the experkt that the two editors were 

functionally identical. 1' 

Similarly, a mbot might be unable to repmduce sane of its 

TO them, the 

One inrplication is that an interface metaphor, like an interface 

language, shculd maintain sane intentional artificiality in order to warn 

users of its limitations. Are same of the intuitive expectations that 

users bring to meta@m especially hprtant to fulfill? For example, in 

designing the V i r t u a l  Ehvironment Workstation, might it be essential to 

use cameras that closely approximate the spacing and mcrvements of human 

eyes in order to avoid having to retrain the operator's stezwsmpic 

vision? uhder stress, people tend to revert fram specific, learned, 

ccanplex mdels back to generic, carmnonsense, simple models: which of the 

expectations that users have unlearned through training does stress 

reawaken? Does stress, for instance, increase users' responsiveness to 

concrete, visible s t m i  ard decrease their responsiveness to abstract, 

invisible stimuli? 

A secati implication is that designers should carefully explore the 

limitations of an interface metaphor before they adopt it, and they shauld 
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look upon a mta- as one choice f m  a set of alternatives, each of 

whichhasadhrantagesand- ges. 

metaphorn have bem developed separately, with considerable eqhasis being 

given to their uniqueness; and the processes that developed them have been 

poorly documerrted. SO, interface designers need to be able to generate 

alternative metaphors, they need canceptual frameworks that highlight the 

significant pmperties of different meta@mrs, and they need systematic 

reseamh to document these praperties. 

However, the existhq interface 

* * *  

All of the f o m h q  topics inply that a amguter shmld adapt both 

its a- and the rules inpmgrams to its user - to take account, 

for example, of its user’s technical m i s e ,  experience, frequency of 

use, or manual dexterity. ‘Il.lis calls for developent of sophisticated 

interface software (a so-called U s e r  Interface Management system) that 

will recOgnize the needs of different users, dllow’different users to 

express their persanal preferences, and protect users’ inaiviauality. 

Thus, the ccrnpxrter needs to be able to identify a user quickly and 

unequivomlly, and if possible, without inpcsing an identification 

procedlure that wuld hitate people or delay their access in an 

enrergency. 

Efforts to justify space systems in econcnnic terms will keep pressing 

for higher and higher levels of measurable proauctivity, and so planners 
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will a to pmgram the operators' activities in detail. wzt very heavy 

workloads raiSe the probabilities of human error, and capters will 

always be better than -le at working tirelessly and dxdient ly  adher- 

to plans. 

the-, andinfact,tocreatetheumxpcbdbyexperimentingand 

innovating. lhey can make these contributions better if they are all& 

sane slack. 

-le contribute to space systems their ability to deal with 

space systems' tasks are not all located in space. space systems 

any of their inevitably make educational contributions that 

inmediate aperatianal goals. one of the major cantributions of the space 

program to date has been a phatosraph - a phatosraph of a clad-bede&ed 

ball of water and dirt isolated in a black void. Before they saw that 

photagraph, people's understanding that lMnlund ' shares a comm fate had 

to be abstract and intellectual; the photosraphhas made t h i s  

understanding =re tangible ard visceral. 

People play central roles in educationdl activities because they serve 

as identifiable points of reference in settings that WCRzld othenme ' s e e m  

mchad&ic, m, and alien. e of the space programls major 

contributions, because it put space exploration into words that aught the 

human imagination, was Neil A. Armstrongls unforgettable observation: 

tYIhat's one small step for a man, one giant leap for manklllcz ' (July 20, 

1969). 
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OR Q(IOTAM)# 
In h t  ways shauld a decision-support system's -ledge and logical 

niLes fit ach user inaividually? Do users trust systems more or less 

when tailor- is postpolaed until the users gain considerable experience? 

Haw do task characteristics affect a user's willingness to trust a 

decision-support system? 

In what c- does a user decide to trust a canpter system 

that captures the knowledge of experts whom the user does not know 

P===llY? 

What kinds of experiences lead a user to trust a decision-mpport 

system that the user regan%, at least partly, as a black-box? 

what kinds of experiences encourage a user to see a decision-mpport 

system's lhi ta t ions and to override bad mxmmaxhtions? 

Creatixq U s e f u l  workloads 

~ o e s  performing activities that cauld be autmated actually keep human 

aperators up to date on the status of a system, or do operators tend to 

mrk nedmmst ' ically when they are performing ruutine activities? Do 
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human operatom who perfom activities that acplld be aukmated responl 

more effectively to a serious w e m y  because their participation 

updates them on the current status of the system, or does continwus 

participation malce operators so familiar w i t h  the system and its current 

status that they overlook ancunalies and lack the objectivity to respcad 

effectively to a serious emeqency? 

NASA shauld investigate the degrees to which an ability to discard 

premmeptians varies am~ng people ard can be predicted or taught. 

what We been the workload of experiences duriq 1- stays i n  

oonfined spaces such as Sealab, Antarctica, and nuclear &marines? 

Anticipatiq ~ r m a n  ~rrors 

Reseamh on error prwention might usefully q l e m e n t  the current 

projects on error detection and error tolerance. 

be feasible to explicate fairly accurate models of people tha t  wmld 

enable hmmn-ampter systems to predict and adapt to human errors. 

fact, LRodels need not be very accurate in order to make useful predictions 

or t o  suggest where adaptability to people's actual behaviors might pay 

off. 

For marry tasks, it wmld 

In 

Developiq Effective Interface Languages 

Virtually all studies of interface.languages have involved individual 

people working on tasks that they could perfom alone. Because space 
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systems create s t m q  social cmtexts, interface languages that 

apprwcimate 

space systenrs. 

languages m y  turn aut to be much more valuable in 

 re sane of the intuitive aqpctatians that users bring to metamrs 

especially important to fulfi l l? 

uhder stress, people tend to revert frum specific, learned, mqlex 

models back to generic, conmnansense, sinple models: Wch of the 

aqectations that users have ~ n l m  thracagh tram does Stress 

Interface designers need to be able to generate alternative wrs, 

they need canceptual frzmworks that highlight the significant properties 

of differerrt metaphors, and they need systematic reseadl  to document 

these praperties. 

General 

NASA should develup a sophisticated User Interface Managemmt System 

that w i l l  recognize the neds of different users, allow different users to 

express their personal preferences, and protect users' Mviduality. 
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Is there a way for a ccll[p?uter to identify its user quickly am3 

unequivocally, withcut imp0Sit-g an identification procedure that would 

irritate people or delay their access in an energ-? 

Since NASA can choose fmm a large pool of applicants, the extreme 

capabilities of - i d  people are mre important than the average 

capabilities of typical people. 

?he people who operate space systens first receive thorough trainins, 
so their deficits of hexperimce shuuld be small. Nearly all of the 

on human-ccnrquter interaction has focused on people who lacked 

and who had little exprience with ccBPQxrterS, so most of . I  thorcnmgfi- 

@ these findings may not extrapolate to the dl-trained and expri- 

operators of space systems. 

Vienced users. 

?here is need for studies of well-trained and 

Avoid research abed at describhq human capabilities in general. 

Instead, test fairly realistic mock-ups of interfaces and systems, w i t h  

people who are as well trained and as able as real astronauts an3 

controllers. 

Investigate the sensitivity of perfo?rmance measures to d l  

variations in designs: DO small design changes produce large changes in 
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Bath to imprcrve the quality of designs and to imprave users' 

of designs, experienced astmnauts ard wntmllers M d  

participate in the designing of interfaces and systems. muse early 

decisians often constrain later modifications, astraMuts and wntmllers 

shauld participate froan the beginning of any new pm-ject. 
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'Ibis report has been inpruved by canstructive suggestions frcnn Michael 

Burke, Janet Dukerich, Kenneth Laudon, Henry Wcas, Fkances Milliken, Jon 

Turner, Jane Webster, K e i t h  Weigelt, and Harry Wolbers. 
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1 Same Error categories a r d  prescriptions 

Fonnhu the Wrona Intentions 

Mode errors: 

misclassifications of systems' mDdes 

Description errors: 

ambiguous statements of 

intentions 

Eliminate mdes. 

Give better indications of 

modes. 

use different cormmands in 

different lmdes. 

Arrange controls 

meaningfully 

Give controls distinctive 

shapes. 

Make it difficult or 

impossible to take 

actions that have 

serious, imwersible 

-nseqences* 
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Misdiagnoses: Suggest alternative 

explanations. 

point out discrepancies 

that might be 

OVerlOOked. 

Activatb the Wmnq Behaviors or TriwerinS Behaviors at the Wmm 

Times 

omissions: 

capture errors: 

very familiar behaviors replace 

less familiar behaviors 

Monitor actual behaviors 

Remind people of 

unccanpleted actions. 

Minimize overlapping 

behaviors. 

where similar behavior 

sequences diverge. 

SOURCE: Norman (1983, 1986) 
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TABLE 2 Hcrw Experienced programmers' Performances Vary  with 

Different Languages 

First exmr iment: answer auestions about prowam spec if ications 

Normal Flawchart prosram-aeSign 

English symbols Ianguage 

T h e  needed to answer: 

Fomazd-tracing questions 

Baclcward-tracing questions 

Input-output questions 

Percent of programmers 

preferring 

45.9 

46.8 

42.9 

14 

37.6 

37.6 

39.4 

33 

35.1 

35.8 

41.0 

53 

second e>a3er iment: write and debw pmqrams 

No& Flawchart Programdesign 

English symbols Language 

T h e  needed to write 

and debrag Programs 

Editor transactions 

29.7 

before solution 37 

Attempts before solution 3.0 

Semantic errors 2.4 

% of programmers preferriq 6 
860 

23.9 

39 

2.7 

1.4 

35 

20.5 

32 

2.2 

.8 
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The needed to 

correct faulty prcgrams 18.7 14.2 14.5 

A t t e m p t s  before solution 1.9 2.2 1.9 

percent of programmers preferring 33 34 33 

Fourth exmr iment: modifv and debus ~mqrams 

Normal 

English 

Time needed to modify and debug 28.1 

Semantic errors .9 

percent of programmers preferring 18 

Mxwiated prosram-aesign 

English Language 

26.6 

1.3 

32 

25.0 

1.0 

50 

SOURCE: Sheppard et al. (1980, 1984) 
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English-like Notational 

CammMndsconmMnds 

U s e r s  with less than 6 hours of eMser ience: 

percentage of tasks q l e t e d  correctly 

Percentage of erroneous COnmMnds 

U s e r s  with more than 100 hours of ex13e~ ience: 

Fwxentage of tasks ccanpleted c o e y  

percentage of erroneacls c(l(mf1l2LTds 

42 

11 

84 

5.6 

28 

19 

74 

9.9 

NURCE: al. (1980) 
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HUMAN ROlX IN SPACE S Y S ” S  

A -Y ON THE 

~ANDSTARERJCKPAPERS 

Harry L. Wolbers, Ph.D. 
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?he them of th is  symposium has been t o  delineate key research areas 

that need t o  be addressed in order t o  establish effective ard reliable 

interaction of humans w i t h  autcnrated and robotic systems in fum manned 

space systems. 

Pmiiuctivity, E%pert !3ystems, Language and Display for I4uman-w 

ccnmrmnication, CCanputerAided Manibring and Decision Making, Telepresence 

ard Supwisory control, and Social Factors in proltuctivity and 

performance. 

the broader issues related to the human role in future space systems. 

Topics addressed in the earlisr sessions included system 

In this final session the speakers have addressed same of 

PmfPcsor Starbu& has exammd ’ the sharing of e t i v e  tasks between 

people and CcBnpUters and professor Akin has examined the roles of humans 

ma- in prariaus spa- missions and has considered how these roles 

may change in the future. 

In his paper, David Akin points out that  any self contained device 

performing a useful function in space, whether human or rabot, must rely 

on the sane set of basic functions to adequately perform its mission. 

These include: 

capabilities and the environmential support functions necessary for the 

device to  exist. Humans evolved i n  the envFronment of Earth’s surface and 

are d-ent upon a similar atncspbm ard gravitational reference along 

sensory, campltational, manipulative and locumotive 

w i t h  food, water ard periodic rest/sleep periods. ?he space support 

systems for exterded-duration manned missions must accQIpllDdate these human 
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m, perhaps even hi- a form of artificial gravity if it should 

p r ~ e  necessary. on the other hand, machines CM be designed to operate 

under a wide range of envhrnnental conditions. 

to understan3 the capabilities and limitations of humans machines as 

determined f m  their past and present roles in space ard to extrapolate 

to the future. Akin presents the thesis that it is nut an either/or 

choice because there are necesshzy and sufficient roles for both hunrans 

and ma- m there are significant limitations on both. 

?he task which we face is 

Recent space missions have shown that the human operator offers 

mnbined acbnbges of manual dexterity and stmngth whereas most mbotic 

systems amilable today are designed to pmvide either stm-yth (e.g., for 

positioning large masses) or dexterity, but not both. On the other hand, 

humans can offer both capabilities. Mrmans represent excellent adaptive 

control systems, especially w e l l  suited for rapid processhg and 

integration of visual data. They have demonstrated their capabilities in 

space to  m e  laqe masses along with the capability for precise 

psychanrotor coordination in delicate mechanicdl a d j u s m t s .  

Akin sugyests that future research should be planned to produce a 

meMingpul data base on human a x i  machine capabilities and limitations in 

ea& of the functional categories. 

quantitative und- of the appmpriate roles of humans and machines 
w i l l  allow system planners to know which tasks are mzth autanating 

and wfrich ones w i l l  best be done by h u m s  for the foreseeable future. He 

points out that it is not enough to  urderstand limitations and 

capabilities of edch of the cclmponent technologies, but we must also 

?his w i l l  lead to  a better 
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understdnd the subtle interactions between the human and the machines to 

define the appmpriate roles of each. 

Reccgnizbg t h a t  humans and machines may be able to prfonn the same 

tasks but may use different techniques i n  acaqlishing them, Akin 

suggests that we also need to develop appmpriate metrics in order to be 

able to prcctuce c c p n p a r ~ .  

He further points out that ahmet a l l  of the designs currently 

pmposed for telembatic systems are anthmpocatric terding to  duplicate 

the human form. He suggests that since the human form evolved in a 

gnvity field it may not be the best laodel for space activities 

alterrate forms and technologies should be studied. 

Akin concludes that :  (1) rabatic systems are e v o i v ~  rapidly, (2) 

both human and *tic systems have streqths and wealmessst (3 )  for any 

future systems the best mixture of each is a time depenclent solution; and 
(4 )  for the inumdiate future, the presence of each in space is an absolute 

necessity for the effective use of the other. 

Fran my prsanal -ive, the criteria of perfozmance, cost and 

missions success probability (program mnfidence based on sc;hedule risk 

an3 -logical risk) are the principal factors tha t  program managers 

and Systan eng- use in select- the optimum design approach for 

meet- mission djectives. as we my wish it to  be otherwise', cost 

and mt effectiveness w i l l  continue to be hqmrtant factors in desi- 

future systems. I W d  w e ,  in addition to  the mtric caparisons of 
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m o m a n c e  suggested by Akin, that wfiere possible, indices of relative 

cust also be prwided in order that design engineers may have a basis for 

ensuring the nust cost effective utilization of the human aperator in the 

space system of the future. 

William sfxrbuck, in his  paper, reminds us that people are flexible 
and ccenplex. On one hard, they can change their behavior significantly in 

respnse to sadll en~iranmentdl andonthe ather hard, they charrge 

hardly at all in resp~llse to apparently larye environment& changes. 

star3~~ck has very eloquenUy highlighted the behavioral differences 

be- people and ccrmputers and sugyests that these differences can also 

man that canbinations of the two can achieve results beyond the 

capabilities of either alone. He stresses that in defining hp*t 

research issues in hman-cmputer systems we should be concerned w i t h  

achieving the proper balance among the opposing advantages and 

disadMntages and we nust reccgnize that the dividing lines are fluid ancl 

depend heavily upon the evolving state-of-the-art in catputer design. 

ardirigly, Starbuck suggests that space system designers should nat 

d e w  on general theories but rather test specific implementation 

concepts w i t h  the actual users as subjects. 

starkbck suggests that future research efforts can profitably be 

directed tcrward impwing the intemctiom and synexyies between -le 

and m. He suggests five research topics as be- especially 

interesting. Theseare: 
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(1) F ~ b T r u s t b e t w e e n p e c R ,  l e a n d - m  : e.g. ,  

exploring questions regardrng ' the degree a decision-supprt 

systems' lawwledge and logicdl rules should be tailored to each 

user ,  and the factors that impact the use.rs trust and acceptance 

of the c!uqJu* system. 

(2) A m i  dins Overload of MaMn controllers: e.g. , aploring the 

delicate balance between information overload, yet keeping the 

human in the loop by providing sufficient informatian for the 

human to  respond appropriately when anergen=ies do arise. 

( 3 )  Anticimtina €iinnan Err0 rs: e.g. ,  -lor@ the basic questions 

of people mnitoring machines or machines monitoring -le. 

Camgutem that p-ct, detect and remedy human errors raise 

issues a b u t  who is actually in contml. 

s h a d  people have the right to wperinmt or deviate f m  their 

instructions?it 

starbuck asks 'when 

4 )  Develor, hm Effective Interface Lansuaa es: e.g., -loring the 
interactions between social contexts and interface languages. 

stz-hck poink cut that for aperts, working alone, program 

design languages may be superior t o  ~turdL language interfaces. 

on the other hand in space systems, operators w i t h  different 

cultural and scientific backqmmk may need t o  talk to each 

other while interfacing with cmputers arxl natural language 

interfaces may prove more effective. 
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5 )  Usjm l4anhmu Intel3 ace Metarhors: e.g., q l o r i n g  ard 

establwdq the cacep-d ' frameworks that highlight the 

significant properties of different metaphors and their 

applications. (Every interface is a metamr of saw-.) 

starbuck believes that NASA should develop a -sticated U s e r  

-ace Managenmt system that w i l l  recognize the needs of different 

users, ana4 differerrt users  t o  expmss their personal preferences, and 

pmbc t  the user's individuality. He pints out that  in the foreseeable 

future, space crews w i l l  continue to represent an e x c e p t i d  class of 

-le in abilities, tra- ard experience. 

more immediate med for studies of w e l l  trained v i e n e e d  users, rather 

than research aimed a t  describing human capabilities in general. 

to starbudc a 

In providing a frame of reference for ccnmnenting u p n  the human 

factors research areas identified by W i l l i a m  Starbuck and David Akin, we  

might nute that NASAIs current Space Station mission d e l  covers a broad 

Lange of scientific and technical.clbjectives. 

the saphistication of future payloads increases, there w i l l  be an 

acccmpanyixq shift in crew supprt skills and requbmmts. 

can be anticipated w i t h  the progression of time, from the more physical 

tasks of orbital assembly and installation to more intellectually or ientd 

work activities. 

TMS Tclodel suggests that as 

A transition 

To mre effectively use human intelligence, a better match is required 

W i t h  ma- hixlligence and w i t h  %xpAtt  systems. Work stations must 
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(1) ccprnrmniczLte fluently w i t h  h m  (speaking, writ-, draw-, etc. ) ,  

(2)  assist in interact ive problem s o l v w  ard inference functions, ard (3 )  

prwide knowledge base functions (information storage, retrievdl, ard 

I t e x p V  system) for wrt. 

-uposl- absenratians of the preceedvlg * speakers it would appear 

that the research issues related to work-station design w x l d  logically 

fall into three ategories. These are: (1) Research on Information 

seeking ~roc~)sses, (2)  Research on Infonnation/Data Handling Processes, 

ard (3) Research on operation Rbncemnt Processes. 

Research programs deal- w i t h  Infomation seekina Rzces  ses should 

include sensory/pemqtul resax& deal% w i t h  a l l  sense nuyla1ities as 

well as cant- visual display developmnt. 

requiz& in the d e v e l v t  of visual display formats, inasrplch as it is 

anticipated that, just as today, 80% of the information 

space crews w i l l  be obtained through the sense of sight.) 

(Continuing effort is 

by future 

I would g ? m q  Startxrck's five research tapics under the subject of 

Informationlmta Handlimr mxes ses. Inacpndmg ' his rewmmendations for 

establishirrg MeanhqU Interface Meta@om I wauld also include, as a 

related tcpic, research ard developmt of a Universal User Interface 

Mmagemnt systau (UIMS). 

all direct interaction w i t h  the user, potentially for a wide variety of 

urderlying applications, kegan t o  enerye in the h m -  interface 

literature several years ago. 'Ihe cmcept involves two =in cxanpanents: 

(1) a set of tools for develapers to use in specify- visual and logical 

' Ihis concept for a software system that handles 
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aspects of the user interface; and (2) a set of run time pmgram and data 

bases for actually cantmlling interaction with the users. 

potential advantages of a UlIG would be: 

same of the 

o Irdependence of the user interface software and the application 

software. 

o More intelligent user interfaces. 

o Rapid protatyping capability for use in develcpent. 

o Easier involvement of raanudL systens and flight crew personnel in 

user interface design ard evaluation. 

o Consistency across applications. 

o Multiple user interfaces to'the same application if desired (e.g., 

novice vs. expert d e s  of interaction) 

o Device independence (i.e., application software does not have to 

m a n y t h k q  abcrut what type of input device a request mne fKnn 

or a t  type of outplt device the results will be displayed on.) 

Althuxgh Startuck dces not avocate research ah& at *king human 

capabilities in general, I can't help but believe that continuing research 

on the nature of human ccgnition can p m i d e  insights that will lead to 

the developnent of wrk stations permitting more effective use of human 
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cqnitive capabilities. carnrersely, studyw the best an2 brightest 

representativeg of the user W t y  as they interact with the ev0lvi.q 

CQsIcePts of apert systems, may in turn provide insights toward definhq a 

structure of human intellect for manlund ' ingeneral. 

ResearchonODesa ticm EManmmt shauld include those mseazxb areds 

identified by Akin such as intelligent robotics, and the nmcham 'zaticm of 
ef fecbr/actuator systems. 

III addition to research deal- with Infomation seeking, Informtion 

Handling, and operational Eihmamt Processes cantinubq attention 

also shauld be dkected to the develapnent of - techniques. 

?hese might include such - as: 
0 -0fMmranm ctivity; i.e., continuinj effort to 

develop valid medsures of human performance Md prcductivity in 

order to have medningAil criteria for evaluathq perfonname and 

productivity adjusbents caused by charrges in aperational 

procectures and system design concepts. 

o miticdl Incident Analyses of Mrman Performance; i.e., continuing 

effort to investigate and 

mce system oprations, as well as incidents of exceptional 

performance, in order to identify ard classify the causal factors 

of ecceptional performance, in order to identify Md classify the 

causal factors Md establish guidelines for the designing of future 

the cause of Ithuman errort1 in 

space systatrs. 
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~n closhq this session on the human role in space, we can perhaps 

gain saw perspective on the future research needs by looking a t  the 

lessons learn& in previous manned space missions. 

the US and sarietl space progranrs to date that 

indefinite -ti& lifetimes in space i f  they am designed to pemit 

the contingency of in-flight repair aril mainkname; (2)  structures too 

large to  be launched intact can be and assembled on orbit, 

using man's unique capabilities; and (3) the flexibility and creative 

insights provided by the crew in situ significantly enhance the 

pmbability of successfully achieving mission objectives. 

W e  have learned from 

(1) systems can have 

Reflect- upan their experiences as crew mmbers of the spacelab-1 

mission, Garriutt et  al. (1984) succinctly described their activities in 

space by describing three lwels of crew participation in acccanplishbg 

the mission objectives. 

highly involved in research activities and working wether w i t h  principal 

investigators on the graurd in the performance and real-time 

interpretation of research results. This was the case in areas such as 

space plasna physics, l i f e  sciences, and saw materials-science and 

fluid-physics experiments. A t  another lwel, the crew faurd themselves 

perfoxming other technical tasks w i t h  very l i t t le graud interaction. 

TTds  was the cdse in the installation of cameras on a high-quality w h i m  

or scientific airlock table and in the verification of their proper 

perfonnance. A t  a thixd lwel, the specific experiments were laqely 

controlled f m  the ground with the space crew participating only when 

A t  one lwel, the space crew faurd themselves 
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needed to verify experiment performance or  to assist in mdfunction 

anzdysis ard armction. 

It CM be anticipated that future space missions are likely to 

continue to require human support at each of these levels. 

?he ability of the crew to manudlly assemble deliate instrurrrents ard 

capnents and to ramve protective devices, such as covers, lens caps, 

etc., mans that less-wed instrumnts can be used as c a p r e d  to those 

formerly r e q u i r d  to survive the high launch-acceleration loads of 

unmanned l a m  vehicles. 

the main plrpose of the instrumen t will no longer need to be installed for 

mnoving peripheral protective devices or activating and calibrating 

instrumnts remtely.  With the crew members available to load film, for  

example, q l e x  film transport systems are not needed, and Wfmctions 

As a result, complex mechdTu 'snrssecordaryto 

such as film jams can be easily corrected manudlly. The time requred * t o  

cdlibrate and align instnrments directly can be as little as 1/4Oth of 

that requhd to do the same jab by telemetry frum a remote location. 

Even for pure manipulative tasks, experienced operators are fourd to take 

as mch as eight tims longer using dexterous electronic-force-reflecting 

saxmaniplators as CCDnpared to performing the same tasks by direct 

wntact. 

In future space missions specific experiments and operations no longer 

will need to be rigidly planned in advance, but can change as requirements 

dictate. one of the greatest contributions of crews in scientific space 

missions can be in reducing the quantity of data to be transrm 'tted to 
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~arth. 

hour of graad-based ccpnputer tinre for processing before it could be used 

or exslllllvbed , or a value assessment made. 

transmitting data, scientist-astronauts in situ could determine in 

real-time whether cloud cover or other factors are within acceptable 

ranges. 

One seccnd of data gathered an SEASAT, for example, requmd ' 1  

Before recording ard 

?he astronaut can abstract data frwn various sources and can m i n e  

a t i p l e  sensory inprts (e.g., visual, auditory, tactile) t o  interpret, 

urderstard, ard take appmpriate action, when requked . 
human perceptudl abilities pennit signals below noise levels to be 

detected. Man can react selectively t o  a laqe number 

of possible variables and can respord to dynamically 

H e  can operate in the absence of cmplete information. He can perform a 

broad spectrum of manudl movemnt pattezns, fram gross positioning actions 

to  highly refined adjustmnts. In this sense, he is a variable-gain semo 

System. 

Insmecasesthe 

situations. 

?bus, w i t h  the advent of manned p la t fom in space, there are 

alternatives t o  the expensive deploymnt of remtely manned system, w i t h  

their qera t imal  ccanplexity and high cost of system failure. Ung-term 

repetitive functians, routine c a p t a t i o n s  or operations, and large-e 

data pmcessing functions, ham=,  can be eqected to be performed by 

mputers capable of be- progrannrsd axxl serviced by crews in  orbit, j u s t  

as they are naw serviced in Qround installations. In addition, the nom 

functions of the terrestridl shcp, laboratory, and production staff w i l l  
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find corollary activities in the work done by the crews manning the space 

platforms of the muiq generation. 

The human being represents a remarkably flexible and adaptable 

systm. 

must also mnember that man is essentially invariant. 

abilities, -le will not be mch different in the year 2050 than they 

are today. 

and psychanrotor abilities, the cbjective of the proposed research progran\s 

should he to improVe system proctuctivity throlmgh (1) hazdwam, software, 

and other system inpmvemnts that can enhance human performme, and (2) 

prccedwe and operational changes that will allow mre effective use of 

the h m  element in the m a n - ~ ~ c h i n e  systems of the future. 

In terms of his basic capabilities an i  limitations, however, we 

In terms of basic 

R e c q n i z i n g  th is  constancy in sensory, pmeptual, cognitive, 
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1. ?he Soviets have been reprtd to rely heavily on med i n v o l v m t  

in order to repair equipmt ard subsystems with serious shortomung ' s  

in reliable ard trouble-free senrice life. 
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HUMAN ROLE IN SPACE SYSTEMS 

SYNOPSIS OF c;ENERAL AUDIENCE DISCUSSION 

Following the presentations by the invited symposium speakers, the 

P m  * s were opened to discussion ard ccmunent fram the floor. 

synopsis of the remarks mde during th is  period of open discussion is 

presented below. 

A 

Stephen H a l l ,  NASA Marshall Space Flight Center, referring to the 

apparent lack of acceptance of expext  system& by mny potential users 

(mentioned by Starbuck) asked, I1Is th is  a fundamental limitation of expert 

systems or i f  nut, what  can be done to 

acceptance?11 In reply William Startxlck of New York University suggested 

that there are ways to teach people to trust expert systems. 

pointed out that there are facto= scheduling programs, for example, that 

people now trust. 

idea haw they work and &dn1t replicate them if they wanted to. 

using them for a period of time they learn to accept them. 

acceptance is that the users learn that even if the canpter may not be 

able to explain how it derived the answers to a prablem, it can present 

the solution and prwide an Wcation of h w  g o d  it thinks the answe.r or 

solution is. mer time, the correlation of predicted ani abserved results 

instills confidence in the user. 

patential user 

Stazbuck 

Many factory schedulers use such programs but have no 

After 

One key to 

Guilio Varsi, NASA H e a d q u a r t e r s ,  suggested that not enough attention 

has keen paid to the impact wfiich the degree of media expcsum can have on 

the acceptance 2ud performance of space missions, and raised the question 
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of m e  degree to which such aqxeure is appropriate. 

image of the m m u t s  created to date. 

likely to receive th is  sdme deg-ree of exposum in the future and haw this 

expsure or lack of it may influence future perfornrance. 

cammented on the issue of mission safety, pointiq out that in addition to 

the criteria of performance ani cost, safety - especially as related to 
human safety - should be of continuing concern. 

l l A s  we m e  fram the heroic to the routine, what is the real level of risk 

w e  a m  pnqamd to s u s t a i n ? I 8  As a final point, varsi CODlpnented that mny 

interesting resear& issues and questions for investigation were raised 

during the symposium and he suggested that an order- of these research 

issues should be pmvided, highlighting their urgency not so mch fram the 

stancqpint of priority but rather frnm the sequencm or logic to be 

followed in attadking these problems. 

research program sequence that offers a more effective path to addressing 

the criticdl issues than any other one?" 

He cited the heroic 

He vmn3ered whether they are 

Varsi also 

Varsi asked the question 

He asked, ITS there any one 

In reply to Varsi's -ts on risk adversity and safety, hvid Akin 

of MIT pointed out that, in his experience, NASA is already orders of 

magnitude more risk adversive than the dersea camrmrnity, ard if 

anything, NASA is becanbg even more so in li@t of the challenger 

accident. Akin sugyested that i f  anything is going to drive people out of 

space entirely it is being absolumy risk free. The ultimate in risk 

adversity is for humans not to go into space at all, While robotic 

devices may appear to a the options, in reality the considerations of 

risk advemity apply to equipmat as w e l l .  Akin pointed out that in 

deciding to risk a one-of-a-kird $100 million merabotic servicer to 
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senrice a satellite with an Wired solid rocket nustor, the same issues of 

risk adversity n u s t  be raised for the as wwld be raised for the 

crew in a named mission. 

necessary to consider risks and risk adversity in space in relation to 

TO put the issue in proper perspective it is 

potential risks and risk adversity in other fields. 

Allen Newell of Carnegie-Mellon oberved that no matter how dangerous 

it is, people believe it to be important an3 still want to go into space. 

one of the redlities wh ich  lllust be faced is that by be- so careful for 

the first 25 years, levels of National ard World expectations of safety in 

spa- operations are very high and as a Nation we will suffer from that 

high level of expectation in the future. 

Joseph Loftus of NRSA Johnson Space Center observed that an airplane 

He pointed out that is safe in peacetime is too dang- to go to war. 

that in an actversary relationship an airplane is needed that is at the 

peak edge of perfomaxe in order to succeed in its mission. 

CCBnmMted that this is an important point when thinking of space 

operations because spa- operation is not a venture in isolation - it is a 
carpetition. 

Cannot be set so high that the frontier is forfeited. 

Session 7 of the m i u m  was amcluded. 

~ ~ f t u s  

It is an exploration at a frontier ard safety s t m h r d s  

At this point 
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CONCUTDING FENARKS D R  A F - i  
Allen Newell 

In my view, three major issues emxye froan this symposium: 

1. The wing of AI and robotics. 

2. The need to consider the humn aspects of these AI-Robatic 

SYs-0 

3 .  The potential benefits of incorporating the social sciences 

into the =--tic research effort. 

Meqing AI ard robotics appears to be sarnething that NASA has 

already identified as an inportant issue. It is, in fact, one of 

the great intelle&ual tasks in this part of the scientific world. 

With the merging of AI and robatics, AI will finally came to deal, 

not just with the symbolic world, but with interactions with space 

(the space of three locdl dimensions, mt NASA's outer space) : 

physical devices, movement, real time, ccnnpliance, etc.. 

radically charrge the field of AI. 

will depend upon develop- a redl uncterstanding of the ~ t u r e  of 

?his will 

It is a big step, and its success 

intelligence. 
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once AI and robotics are welded wether, the coxems for the human 

aspects of these systems must be addressed along with the concerns for the 

M-mbotic aspects. 

behavioral/cognitive science and AI/-* science in a single research 

program. 

and motor behavior, nut just  cognitive behavior - pmvide major clues 
about develophq effective AI-rabotic systems. 

will allow researchers to address the c~llcez~ls about human-& 

interaction fmm several perspectives. 'Ihird, in order to evaluate the 

performance of autanatic devices, rrmch mre needs to be la#.rwn about human 

functioning in the tasks-to-be-autumated. 

as a metric of AI-robutic performance. 

mere are three distinct reasons for ccunbining 

First, the field of aqnitive science - including physiological 

Second, the ambination 

~uman performance can be used 

Finally, a m e  by NASA tcrwards the social sciences, to h r p r a t e  

them into an AI-rabotic-cognitive science research program, would be very 

important in the long run. 

cambination is Ccammrnication - haw people use the technology to 

carmmrnicate and interact with that technology and with each other. 

this regard, the human-caputer interaction field is currently taking 

tentative steps to becaarre much mm socially and cammunication oriented. 

An area that caild benefit frum such a 

In 

L e t  me end with a remark about university research efforts. The 

universities, at this mment, are in an -y pliant state with 

respect to developing cooperative efforts with extemal agencies. 

Vliant", in this context, means that they are exploring, in a historic 

way, how to live with much deeper involvement with the klustrial, 

ccarmrercial and government sectozs. The ideal of the ivy tmer seems far 
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away hied,  dthcugh the concepts of M- and objectivity remain 

solidly in place. 'Ihere are real opportunities for NASA to hild it's 

research pzqrams in ways that will benefit both 

involved. 

and the universities 

lmmen~e benefits can be gamered fram long range, ccoperative research 

programs established in conjunction with places like universities. A ten 

to fifteen year research relationship between NASA and a university might 

be expect& to yield important divider& beyond the actual research 

acccarplished. Ihe university researchers aane aukamtically to think in 

tenre of NASA and it's problems when develop- (or acpkixq ' ) their own 

resezmh pmgrams. G r a d u a b  students, raised in the NASA-oriented 

research environment, will have an ingrained conern for NASA problems - 
and are likely to mke a career of dealing with those types of problems. 

lhese aspects, though not the stuff out of which research contracts can be 

made, can be of the highest importance to efforts such as inhabiting space 

that stretch out into the far future. 
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'Ihe first t h i q  I want to do is thank the -. W e  really 

appreciate the efforts yau have plt in. 

lot of effort went into gettirq this tcgether. 

participarrts - many useful and hterest  ing ceannents have ceme frcm the 
floor. our jab, now, is to put e a report that mikes sense, is not 

I also thank the organizers. A 

And 1 thank the 

self-serving, in terns of 'please, Ma, send mre money', but says, in 

effect, 'look, there rn .sane really important research  issue^ cut there 

that are not receiving praper attention'. 

1 notes, and som of my notes have little stars to indicate 

important points, for ample: 

o ?he idea of mnitoring Fhysiolcgical sta te  of the operator, as  we^ 

as m n i t o r i t q t h e o c p n p t t e r a n d t h e ~  'cdl state of the 

equipnmt was suggested. 

the health of both is samething t h a t  we don't still quite h c w  how 

to do. 

It seems to me that continudlly assessing 

o ?here were a rnrmber of issues related to the difficulties of 

defining, and measuring, system producrtivity. A t  the very 

beginning, Ray Nickerson,  addmwd these issues. E& Williges 

insistea that perfomaxe is a relative measure. 
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o mmce wlchanan and manas Mitchell talked abcut the m i t y  of 

mn-nunericdl cmstraints. AI people have hewn this all a loq ,  

but sme of US ather engineering types haven't particularly 

appreciated the importance of caping w i t h  thcee non-numerid, or  

qualitative, aspects of t ime,  space, and res~ulces. They also 

pointed out the problems of maintainbq a systems as 
situations change and new knwledge becames available. 

o Allen Newell characterized the trade-off between knowbq versus 

m, a priori bowledge versus gettirq new lmmledge 

(samewhat related to the pmblem of optimal Stappiq in 

operations research). 

0 

0 

0 

Rabustness was mentioned many times, but w e  are not always clear 

what mbustness implies. 

We heard about the difficulties of eliciting (and the need for a 

better %edside manner" for eliciting) howledge for the 

construction of expert systems. 

We also heard questions raised about trust. I've looked in 

the literature on trust ard there Ilainlt much therell. We need to 

understand trust and t3mqamq and that kind of thing 

vis-a-vis the relatianship intelligent systems and their 

users. 
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0 

0 

0 

0 

0 

Hayes e@asized the gzamad interface and how basic that 

is to the way -le see, think, and make decisions. 

polson mentioned the fact that we are 1x1~ able to, as the pi lots  

say, '@kill ourselves with kindnes st@ - that is, provide graphic 

displays and "aidstt t h a t  are so cmplicated that nobody 

peter 

them. This certainly wuld happen w i t h  expert 

systems. Raxly Davis picked up the same point when he tal)ced 

abautdesigningtomakeunderstanding easier. 

Natural language was nrentioned t i m e  and again, but it was also 

pointed out that it's no panaaa. lhat there may be languages 

which are not %aturaltt, kut which are better for certain 

applications. 

Baruch Fischhoff talked about the need for sharednrodels and the 

fact that  people are not very w e l l  Cdlibra- w i t h  respect,to 

other people's questions and wdels of reality. 

We talked about the mecham 'd work, %anipulationtt. 

pointed out that w e  need better IIy3dels of (and notation for) 

characterizing the process of manipilation. 

It also was 

Allen Newell suggested that we need a theozy of presence. We 

know a l i t t le  b i t  about the effects of fidelity in simulators 

frun this point of view, hk we need a mch better 

of what it means to feel @'present@@. 
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o mren cook talked abaut capter-mediated cummication, which we 

are going to have one hell of a lot mre of than we have had in 

the past. we are not going to have situations where people are 

ho1di.q hands; they are going to be SepZaW, and the* 

cammication is going to be mediated by a m g u m .  

social stress and^ ' objectives are going to be 

a w v a t e d  or, a t  least, changed by c a p t e r  m a t e d  

wrununication - and by all this llnon-human expertise1' that's 

Questions of 

float- arourd. 

o In the l as t  session, mve Akin raised questions abcut the paucity 

of our human performance database, and what -le can do 

relative to what machines can do. Harry Wolbers picked up on the 

same point. 

0 And, finally, a l w e l y  notion, I think, made by B i l l  Startxrck is 

the importance of being playful and deviant. 

Guilio V a r s i  asked abmt prioritizing these ideas. That takes a great 

deal of wisdom - ht we w i l l  trf. 

extreudy cautials abmt avoidirrg the risk of errors i n  space, especially 

when human life is concerned. This caution is vary laudatory. Where 

human safety is nut an issue, therecan be mre risk taking with 

respect to such areas as bulge- considerations, testing of equiprent, 
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axxi studies on the allocation of functions between people and 

autanation/mbotics to derive the best mix based on empirid evidence. 

we have seen the evidence of this symposium that the camp~ter 

scientists and the behavioral and human factors scientists can arrive at a 

ccnrmyln graurd. 

important for mission success based on the best of both worlds that is 

superior to either autaraation or humans used alone. In fact, w don't 

believe that either me CM be used alone successfully at this time or in 

the future. 

We believe that this interface is obvious and extremely 

In conclusion, I thank you all for tmdgirq thmqh the snow ard sleet 

and for your worth d l e  contributians. 

for all of us. 

I'm sure that it has been useful 

891 



HUMAN FAcrORS IN AUTONlATED AND ROBonC SPACE SYSTEMS 

National Academy of Sciences 
Lecture Hall 

2 10 1 Constitution Avenue, N.W 
Washington, D.C. 

January 29-30, 1987 

PROGRAM 

Thursday, January 29, 1987 

8:OO 

9:OO 

9:15 

6::; 
10:45 

I 1 :oo 

12:30 

1 :30 

3:OO 

Registration 

Welcome and Introduction 

Thomas Sheridan. (Chair, CoHF) MIT 
Ray Colladay, Associate Administrator, Office of Aeronautics 
and Space Technology, NASA Headquarters, 
Washington, D.C. 

David Goslin, Executive Director, CBASSE, NRC 

Keynote Address 

Allen Newell, Carnegie-Mellon 

Break 

Session 1 :  
System Productivity: People & Machines 

Paper: Raymond Nickerson, Bolt Beranek and Newman Labs 
Discussant: Robert Williges, VPI&SU 

Break 

Session 2: 
Expert Systems and Their Use 

Paper: Thomas Mitchell, Rutgers 
Paper: Bruce Buchanan, Stanford 
Discussant: Allen Newell, Carnegie-Mellon 

Break for Lunch 

Session 3: 
Language and Displays for Human : Computer Communication 

Paper, Phillip Hayes, Carnegie-Mellon 
Paper Peter Poison, U of Colorado 
Discussant. Judith Reitman Olson, U of Michigan 

Break 

3:15 

4:45 

5:30 

Session 4: 
Computer Aided Monitoring & Decision Making 

Paper: Randall Davis, MIT 
Paper: Baruch Fischhoff, Decision Research 
Discussant: William Howell, Rice 

Open Discussion 

Reception in Great Hall 

Frlday, January 30, 1987 

8:30 

10:oo 

11:30 

12:30 

2:oo 

2:30 

Session 5: 
Telepresence & Supervisory Control 

Paper: Thomas Sheridan, MIT 
Paper: Lawrence Stark, U. of California 
Discussant: Anta1 Bejczy, JPL 

Session 6: 
Social Factors in ProductiviFf & Performance 

Paper: Karen Cook, U. of Washington 
Paper: H. Andrew Michener, U. of Wisconsin 
Discussant: Oscar Grusky, U. of California 

I 
I 

Break for Lunch ~ 

Session 7: 
The Human Role in Space Systems 

Paper: David Akin, MIT 
Paper: William Starbuck, New York U. 
Discussant: Harry Wolbers, McDonnell Douglas 

Concluding Remarks and Open Discussion 
i 

Allen Newell, Carnegie-Mellon 
Thomas Sheridan, MIT (Chair) 

Adjourn 


